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lz—TaS2 and 1T-TaSe, are layered, almost two

" dimensional compounds with weak bonding between layers. At

temperatures below 600 K, both crystals are-distorted®from the
CdI1, structufe by an electronic instability known as a
charge-density-wave (CDW). Above 180 K in 1T-TaS, and 473 K
in 1T-TaSe,, the far-infrared (1/A =2-500 cm~ 1) reflectivity
spectraﬁare uhremarkable and adeguately explained by sténdar@
theorieé. |

HOQeverv“below these temperatures, both crystals have

P

spectra which indicate the presence of far too many infrared-

_active bhonons than is possible for a CdI, structure. At

‘not normally accessible to optical/é%udies can explain the

these lower temperatures, both crystals are known to have CDW

distortions that are commensurate with the host CdI,-type

lattices forming a superlattice with 39 atoms in a unit cell..

This large number of atoms cap explain why so many phonons
are observed but makes any'exaCt model calculation intractable.
.A combination of a simple lattice dynamical model and the

concept of modes “"folding-in" from parts of the Brillouin ‘zone

- -

~ . R . .’ . R l’/
origin of the observed modes. The frequencies of these modes

cannot be prediéted accurately due fo the necessary simpliciﬁy
of fhe model. The model dées imply which modes are related to
either the acouétic*or‘optic rranches of the phohon'dispéréion(
curves of the Cail, structure. Frequency ratios of -

3
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corresponding modes in 1T-TaS, and lngaSeQ are consistent

=

with this interpretation.

-
-

The reflectivity spectrajwere‘fit,with standard.
mathematical expressions. en\&g%grpreted at a microcopic

level, the parametgrs'obtained for 127Ta8e2 seem to

indicate ‘a gradual decrease in the number of free carriers

or an increase in their effective .mass as-the temperature was
lowered from 295 to 4.2 K.

This is not usual metallic¢ behavior
and implies changes in the band structure as a result of

interactions with -the CDW.
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Chapter'l. Introduction

- - ) : s‘. [

From almost any viewpoint, the,traneition metal
dichalcogenides are interesting materials. Most of these
crystals cleave ea51ly along a preferred direction immediately

demonstrating their anisotropic, almost two-dimensional

character. Wilson and Yoffe (1969) have publiahed an exhaustive
description of the structural, optical, and electrical
properties oflthese.materialsf Many unusual properties in the
ﬁetallic speciee were‘later founa'to arise from the formation of
charge density wavea (CDW) . Wilson et al. (1975) have given a
comprehenaiVe discussion of this phenomenon.
R R |

This thesisg contains direct evidence of the periodic:
structural dls ortion (PSD) caused by the CDW in lT TaS2 and‘
1T- TaSez. iﬁé large number of phonon modes observed
spectroscopically in both crystals is 1ncon51stent with the
‘three atom'CdIzitype_unitncell of the-hoet lattice. This
implies the formation of a larger unit cell b? the CDhW-induced
PSD. The following discussion will concentrate on the structural
.and electrical properties of lE;Taéz and lszaSézf .Other
work relevant to the CDW-PSD and IR and Raman,spectraﬁof these

materials wi 11

be discussed.
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A. Structure of CDW's ‘in lz;méqz and 1

The———
o : B -
3 .

DiSélvo and Rice (1979) have giVen a simple description of

T
i

.CDW's in, the transition metal compounds. A CDW is a periodic

modulation of the electron density of a crystal over dimensions

‘larger than a unit cell, p(P)= p (F)(1+ pPicos(T-T+$)).

7_Eth§; and ¢ are the amplitude, wavevector and phase of the

CDW res?ectively. g may or may not be a rational reéiprocal{of
the reéiprocal 155§ice vectors of the host lattice. If it is,
the CDW is said to be commensurate (CCDW). 1If not, it is said .
to be incommensurate {ICDW).
N

Vln the absence of the small ( ~7%) PSD céusgd by the CﬁW's;
LI—TaSzrand 1T-TaSe, would have théACdlz §tructufe‘with
one molecular unit of three atoms per unit cell. The Ta aéom is
octahedrally coordinated,”six~aﬁibné being eguidistant from it
at the corners of an octahedron.

Ta-Ta distances (a and X-X distances (a) are equal; X=S

o)
or Se. The Ta-X bond length Bg is not usdal;f,determinéd

experimentélly and is calculated from the theoretical aA/2 .

Co 1is the repeat distance along the c-axis perpendicular to

=

the planes. The values-in Table 1.1 are taken from Wilson and

fuzsfférLLQQQ}Wandeueevskym§§~gin—419?3}.77—' ST e

El

The space greour of this structure is D3d3 in the
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" Schonfgdes notation. The structure is best described as being
- ® ‘ — . , '
hcp S or Se with the smaller Ta ion hexagonally packed in evé;y
other layer.
‘There is no "normal" or“undistorted phase in the 1T

polytypes of these compounds except at the high growth

temperatures (T >1200 K) (Wilson et al. 1975). Careful
examination o} the X-ray, electron, and neutron diffraction
patterns reveals deviations_from therexact CdI2 structure at
all temperatures below 600 Kf- Weak satélliﬁe spots imply a
superlattiée»distortion whose wavevector is'agg*/vIQ , where®
7 is ;hé basal plane reciprocal lgFtiée vécto;vof the
undistorted phase. Below;lSO'K in 1T-Tas, and 473 K in
lz—TaSezi the superlattice is commensurate with the host

CdI, lattice, and'aé?*ﬁaf§ in the commensurafe CCDW state.
Above 370 K in LE-Tasz and 473 K in 1T-TaSe,, the distortion
wavevector increases by.rv2% and rotates slightly so. that the
superlattice is incommenéurate with the host %attice'(ICDW).
Beéween 220 K and 350K in 1T-Tas, a unique
”quasgcommensurate" (QCDWf phase exists intermediate to the
othef two sféées. In this phase, the CDW stops Jjust short of
- becoming commensurate. As the temperature ié'increaséd in the
Icﬁwﬁphase,ofwbothucompounds,fan irreversible transition to the -
2H or 3R polytypes takes place before an undistortea phase can

e reached.
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As it.is the CCDW phase that is of most interest to this

oy
*

work, it is worthrdiscussing in some detail. It should be
mentioned that "the spaée gfoup of the CCDW phase of ;;E‘_rTaS2
‘and LI—TaSez has never,B?éﬁ reported, probably dgé to the
.difficulty of analyzing;the weak diffraction_spots:of the
anions. |
,It is presently accepted that in both’ 1T-TaS, and
lg&TéSezf aVv13 xvi3 a unit cell is formed in the basal plaﬁe.

- , L .
Fig. 1.1 shows the basal plane of Ta atoms and unit vectors of

>

the unit ceil. Also shown 'are the unit vectors‘of the
triple—aiis wa distortién in the basal plane of the cry§tal;
(Scruby et al. 1975, Moncton et ‘al. 1975). The/CDW”gﬁgeking is
such that each successive layeriis shiffqg so as to move the CDW
chérgé extrema as far apart as possible.(Moncfon et al. 1976).
Ehis leads to a triclinic unit cell with 39 atoms per unit cell.j
The sta@king is such that an eguivalent CDW site is found every
~l3-co céll unips along thé c~axis.. The space gfoup of the
.sﬁperlattice»hés ﬁot been reported. It is also not clear whether

the CDW—PSD wavevector has a component out of the basal plane.

N
|

1

The detailed changes to the 1T-TaS, lattice caused by the
CCDW have been discussed by Wilson (1978a). The Ta-Ta
separation in the star surfounding the cell corners has been

reduced by up to 6.5%. Site a.has had about 6Gne electronic

charge added to it. Site b has had ohly a small amount of



"model calculation.

charge éé&éarﬁo it while site c has had about 0.4 e taken from
it. The anions are not affected as much. 7
) \_ ) . . o

*

c

'As the displacements and charge transfersjare7significant,

the band structure must -be somewhat modified in its transfer to

a smaller Brillouin zone . The interatomic force constants and

”effééti@éféhé?@é must*aiSO"be‘affeCted, changing the -pheonon--

. —— t .
spectrum. The details have never been worked out,: not

surprisingly in view,of the difficulty of even the simplest

L
-

-
N

o

) iE
4 . - W

B. Electrical conductivity

The effect éf CDW formation on the band structure is
clearly demonstrated by the behavior of the DC resistivity.
Fig. 1.2 (Wilson et al. 1975) shows ka) along the layers for
typical crystéls of lE—TaSZ and 1I-~TaSe,. p(T) along the |

c-axis has not been reported.

~

At all the temperatures where diffraction results sh%w'

structural transitions taking place, the resistivity also

By

cHanges abruptly. Except for the CCDW (low temperé%ure) phase"

-
5

of 1T-TaS,, the observed values are characteristic of a podi

a

metal. The magnitude of the resistivity of 1T-TaS, in the low
£emperature CCDW phase is characteristic of a semiconductor.

However, a. single gap model will not fit the data over the

@
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entire temperature range. (Tldman and Frlndt 1976). Fazekas and

Tossati (1979) have dlscussed thls temperature dependence in

.terms of Mott lotallzatlon.

o : P

E

For-thie Qork;rthe,eignificance‘of the hC electy¥ical
’resistivity,iieﬁ in itszimplication/for-the‘optical conductivity
in the far 1nfr§?ed 'It'wiil be seen that phonon modes are |
’heav1ly screened in both materlals except in the CCDW phase of

b

s ' . C : N .
C. Phonons in bther transition metal dichalcogenides.

~

1. Optical studies.

o

;The wavelength;of*optical radiationrused to probe the

- phonon excitations of a solid is large compared”dith the ranger
of wavelengths of the phopons.’ A; a result, for first order
processes involving the @estruction of a;photonrand_the creation
of a phonon; only long wavelength k=0 phonons‘can take'part;

The methods of. group theory prov1de the mosat . powerful tool for
‘understandlng the v1bratlons 1n -a crystal lattice. At k o, the
v1bratlons have the symmetry of the point group of the crystal

e

', the reduc1ble group of lattice v1bratrons, can be'decomposed

v
w“

into its irreducible representations using character tables of
the point groups, orthogonality relations, and the Symmetry‘of

each atom in the unit cell, as obtained from diﬁfraction‘data

—_—



~ - B . - . ,' \
(Fateley et al. 1972). This method ig,faxﬂeasiﬁrdthanﬂfinding,,

——

the normal modes byAdlaqonallzlnc a large matrix. However only
the numbergg; phonon modes and their symmetrles are determlned
not their fr@quenc1esh

~ .
Cd12 is the obvious example. Since thére are three atoms
per unit cell, there are 3n=9 normal modes. A 9x9 matrix would

>

hayve to be diagonalized to find them directly. Cd12 has the

D3dpdintrgroup’aﬁa D3g spage group. The site symmétry of

~each atom can be found in Wyckoff (1963). The correlation

method described by Fateley et al. {(1972) can then be used to

—

reduce [ . S : P 4
‘ ’ _ &

The result can be expressed as folldWs\ -

=R, +Eg+2R, +2E,) .

‘

The A's are one dimensional representations and are

associated with displacements along the c-axis. The . E's are two

dimensional representations associated with displacements in the

basal plane. The E modes are two-fold degenerate, as expected,
, . - - ,

for a uniaxial crystal.

For point groups with inversion symmetry, such as D3d3'
the representations have a subscript u or g denoting whether

displacements have odd or even parity; (cf. ungerade, gerade in

o~

. .



)‘l:‘ "

expression. . .

\,j | 8

~ German). In such gfoups IR modes have the odd parity associated

S

with aadipolé moment[ﬁwhiLe'Raﬁan‘modééAaofan. IRrorﬂRémanﬁ
activityris ﬁsually givgplin the character table.

Threévmoéés mugt be the acoustig modes associétgd with a
translation of. the eﬁ£ire latﬁice whiéh must have odd pafity._
This ié wfitten' ‘ fécoﬁgtic;AZu*Eu' The remainiﬁg 3h—37
modes must ?e'optic and this is expres?ed as
‘ -rOptic=Alg+Eg+A2u+Eu' fhe first twolfepfeseﬁt

Raman modes, the second two IR modes. Using matrix

representations and performing the symmetry operations'on small .

displacements from equilibfium,-thefform of the normal

coordinaieé?canvbe found. This has been doné for the CdIz'

structure (Lockwood l§69), énd is described in Fig. 1.3a.
For_fuﬁufe‘referenge, it is useful to mention t%e 2H
polytypé. Wieting and Verble (1971) have worked out this case;‘
In this structure thé»cations are trigonally coordinated. There
are two formula units ahd'two'iayers'in the unit cell;, With six
atoms pervunit céll, there are 18 phonon modes or branches iﬁ

»

the phonon spectrum.

r—poiht (k=0) decomposition yields the following
- &

E
- £

o 1 ) 1 2
r 2A2u+B29 +Bzg +.Blu+Alg+ 2Elu+EZg+E2g+E2u+Elg



The B'modés are optically inactive and one A2u‘and~Elu,

mode are acoustic. This leaves two IR modes, Ayy and El;'¥
1 2 '
and four Raman modes, E2g , E2g ' E;g, and Alg‘ The

‘ion motion is pictured in Fig. 1.3b.

The forces between -layers, anion-anion bonds, are much
weaker than forces withiﬁ the layers, Referring to Fig. 1.3, in
such a case, th? Eg(Alg) and Elg(Alg) modes of EheAlg
and 2H structures would be expected to have similar frequencies.

A similar argument would apply to the IR modes Eu(Azﬁ)_and '

E1u(Ryy). That is, the vibrations in both‘these_crystals are

closely related due to weak interlayer coupling.

Of the additional optic modes appearing in the 2H

structure, the E, 2 is similar to an acoustic mode and

29
should have a low frequency, It is called a "rigid-layer mdde?,

The E2gl mode is similar to the Elﬁ optic-mode and couid .

be expected to have a similar frequency. .

Table 1.2 summarizes the experimentally observed optical
frequencies known at the time of writing for the compounds

listed. 1T-TaS, and 1T-TaSe, do not have a normal or

undistorted phase and are not included. They are the subject of
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this thesis and will be discussed lafer. Not much work has been
done on tﬁe"tellurides, perhaps because the stfucturerof many of

PN

them is distorted (Wilson'l969),'or-they';re hard to grow.

..

+

The very small change a phonon resonance causes in the highs. -
: ¢

infrared reflectivity 6f a metal is difficult to detect."“mptﬁ%fi

in the table means that the electrical conductivity is
characteristic of a #€tal and that this mode will likely &e
difficult to detect. More Raman data are available becau%é :

results can be obtained from metals. Experiments are difficult

due to small penetration and weak signals but can be done.

Determination of the Ay, IR mode requires incident
radiation with the‘electric field along the direction of
vibration. These crystals generally grow in the form of tﬁin
platelets less than a millimeter thick. It is difficult to
prepare a specimen with a smooth surﬁace'parallel to the c-axis.’
E;eprpfe5s§a péWder;éamples exhiﬁitéa»high‘degree (90%) of
orientation (Lucovsky et g;; 1973). As a result, the A, .,

mode has not been determined for most of these crystals.

The binding in these compounds can be either ionic,
covalent, or metallic. Lucovsky et al. (1973) have looked at
the differences between the group IVB compounds Zrs,, Hfsz,
and HfSe, and the group VIB compounds MoS,, MoSejp, WSy,

and WSe,. These compounds are not metallic and have readily

“
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S
observable IR modes. Large transverse—ipngitudinal mode
frequeﬁéy splittihq,suégests iohic bonding. For example for
HfS, 1GT6= 166 cmfl}> GLO=3iS cm'l.fxThe,mﬁch Fmaller
splitting in the groﬁp VIB comeunds (MoSeé=3cm°l) suggests
covalent bonding. Coméarisén of the bagé ionic radii with the
observed lattice spacing gives more evidence that in the group
IV compounds, the bonding is ionic, while in the group VI
compounds it is covalgnt. ZrTe2 and HfTez\were found toibe
metallic.

Simple models have been used to describe thé optic modes
observed in 2H-MoS,. Bromley (1971) used the Born-von Karman
model in the nearest-neighbor approximation considering only a
single layer. Force constants were determined from a couple of
experimentally observed modes:' The model then preaicted the
other modes fairly well.- Of course this model does not predict

29

the E, 2 rigid-layer. mode or the Ezcl-mode which result
from two layers in a urit cell.

ﬁieting (1973) applied a éimple linear-chgin model to both
2§—M082 and GaSe. Using the symmetry considerations leading
to the mode motian depictéd in Fig. 1.3, each mode in the model
is easily solved. Force constanés determined by a fit to one
experimental mode predicted the frequéncy of ??other fairly

well. From thé near degeneracy of the Eiu and EZgl mode

frequencies, he concluded that the S-S interlayer binding was
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wegk. This justifies Bromley's neglect of this interaction.
2.  Neutron diffraction studies.

Inelastic néutroq{diffragtidnicén be the be§t‘mé£hod of
studying phonons becéﬁse it is not restriced to k=0 as'are first
.order optical studies. The end result is a complete phonon
dispersion curve. However the small volume of available
transitibn metal diehalcogéhides crystals makes this

determination difficult.

,;.Among the transition metai-dichalcogenides, only for
2§-M082 has the compleéé phonon spectrﬁm géen determiﬁed.
Wakabayashi et al. {(1975) used a sample 13x8x0.2 cc, very lafge
for this class of c<rystals.- A simple shell model lattice
dyﬁgmical calculaﬁign with a pola;izable Mo atom gave fair

‘agreement with:experi‘ent. At the k=0 [-point, experimental

"frequencies agreed wifth those oX Wieting and Verble (1971).

Zﬂ—Pblz has also been completely studied by Doerner et
al. (1976). This has the CdI, structure but has the 2H prefix
in the li}erature, referring to two hexagonal iodine planes in
the unit cell. Their k=0 phonons agreed with optical

measurements.

The above study is particularly/ interesting because the
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Ramé% modes weré also determiﬁéd for tﬁe 4H polytype. This has
‘double the height and number of atoms in the dhit cell. This
causes the A point at.the edge of the 2H Brillouin zone to be
folded back to the k=0 r-poiﬁt of the 4§ Brillouin zone. An
.additional Raman mode appears in the 4H structurebét‘a éimilar
'ffequency to an.écoustic mode at the zone e&gg’(A) of the 2H
/chSéal, This phenomenon will be sééhl£b/o¢¢ur7for frénéitiéh{il e
metal4dichaicogenides where a CDW—?SD enlarges the unit celi by
'fbfming,q cémmensuréte superlattice. Additional work on PbIé' 
has been ddﬁe,py Sears g; al. (1979). . °7

_ . e ™~

Moncfon gﬁ g;;f(l977). found that the LA phonon branches
along the r—MbdirectiQngin 2§7TaSé2 wént té 99 cm~1 at' the
' zone edge.. Also the - point E2g2 frequency was found to
be 24 cm~l. This is in excellent agreement with the Ramén
frequency determined by Holyvgg al. (1976) and Steigmeier et
al. (1976). The neutron work did not extend past‘120 em~1 and
thus missed most of the optic brénches. They also studied'
2§-NbSe2 where the Ezgz mode frequency agreed with>thé7 |

Raman work of Wang and Chen (1974).

There has been a great deal of ihgerest in studying the
softening of the LA phonon branchkat ah wavevector spanning the
Fermi éurface, known as a Kohn anofi (Ziman 1969) The amount:

of softening is a measure of the electron-phonon couplina.
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A Kohn anomaly has been seen at room temperature in the

- QCDW phase Of 1T-TaS, by Ziebeck et al. (1977). It occurred
at approximately the wavevéctbr of the CDW distortion observed
in diffraction. That is qgag//lﬁ

Moncton gﬁrgi.:(197§f_l

ave observed Kohn anomalies in both
2H-TaSe, and KbSe, at qéégﬁ The frequency of the mode
softened as the TaSe, entered into its CCDW phaée phase at

123 K, but not cbmplétely to zero.

-

No Kohn anomaly was seen in lg‘__—TiSe2 by Stirling et

al. (1976). This was to be expected as a group IV compound does
not have the extra electron of the group V compounds. However

this work was done at room temperature, while the CCDW

distortion does not set in until 200 K.

In summary, a large Kohn anqmalf often appears in materials
with CDW disgbrtions and*indiéates.a strong électron—phononr
coupling. Neut;bn data is limited to only a few compounds,aﬁd
even then only the acoustic branches were deﬁermined. All the

authors commented on the difficulty of working with small

crystals.
D. Phonons and CDW's. Far-infrared and Raman studies.

, ﬁ%ny groups have studied phonons in compounds sustaining
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CDW distortions using far-infrared and Raman spectfoscopy. In

cases where a commensurate superlattice is formed, the increased

number of molecules per unit cell increases the number of optic

modes. In ICDW phases extra Raman linesoften appea

Raman modes appear to be more strongly coupled to e CDW than
the infrared modes as implied by their temperature dependence
near the CDW phase transitions.

. 3
The following is a brief summary of the work done so far in

this field. The discussion is by compound, down and then across

the periodic table. Raman work is reported first. .

Holy et al. (1977)rvhave studied LngiSez_using both
Raman and'far;iﬁégafed spectroscopy:' They obsefved fa£ mbre
phonon médes thaégaroup %heéry?would predict for an undistorted
lattice when the TiSe, was in its CCDW state below 200 K. ”
Ffom the known form of the Superla££ice, they predictéd both éhe
number and symmetry ofrthe modes folded in to‘k=0 from the
undistorted Brillouin zone. Most of the observed modes were
- satisfactorily explained in this-way. Some of the modes
rd%éplazed temperature dependgnce}‘the Réman more than the IR
modes . This is not understood very well at present but(is

presumed to bé due to phonon coupling to the CDW-.

Liang et al. (1979) have observed similar mode multiplicity

in the CCDW phase cof 1I-TiSe,. Their phonon work concentrated
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-mainty on the temperature dependence of their phonon spectra: —
The results suggested an antiferrcelectric transformation at the
200 K CDW onset temperature. They proposed a model of the CDW

phase transition driven by the phonons.

Wilson et al. (1978b) have also seen mode multiplicity in
13 .
the CCDW phase of 1T-TiSe,. This work concerned_itself more .
with the effect of the CLCW on the band structure and free

carriers than on the phohon properties.

//;?‘ Smith et al. (1976) found just one Raman mode in room
‘ . ,

temperature lszSe2. However. at 2 K at least five additional

modes appeared implying the formation of a superlaftice.l A
detailed analysis of any température dependence was not‘givén.
} N

Téang et al. (1976) have also seen RamaQ modes in the ICDW
phase of 2§—Wb8e2, Two weak low frequency lines appear below
the transition temperature of 33.5 K. A broad line at the iowest
freguency softens comrletely to zero at the transition. It is
identified with an amplitude mode of the CDW and follows the
temperature depeﬁdence,predicted by Rice and Strassler (1974).

-

Duffey et al. (1276 )have observed more than thirty Raman

"zodes in the CCTCW thase éfWII;TESQJ’"Mﬁétmﬁf'théipréaks'Wéré'”"'

Vi

at<rituted to the fcrmation of a superlag;ice, but some seemed

related to CDW-phonon coupling. Similar, but less detailed,



their temperature dependence. Holy et al. went further and .
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spectra were observed by Smith et al. (1976). Holy (1978) also-

determined the Raman spectrum of 127Ta82. Only in the

determination of weaker modes do the two workers disagree.

Sai-Halasz and Perry (1977) have studied the low frequency
(<150 cm™1) Raman modes of 1T-TaS,. The strongest mode at
82 cm—1 showed unusual behavior with both temperature and

polarization. They speculated that this was a phase mode of the

,

CDW.

Tsang et al. (1977) have studied the Raman spectrum of °

1T-TaSe,. They found an increase in the number of modes upon

cooling to the CCDW phase. Some lines changed very little in

™

frequency or intensitvy, while others seemed strongly coupled to
the CDW, softening and strengthening.cpnsfderably at lower
temperature. Several speculations on the nature of this

interaction were*éﬁt forth.
i

Holy et al. (1976) and Steigmeier et

.
—

1. (1976) have-

studied 2H-TaSe, usiné Raman spectroscopy. Stéigmeier. t-al.

fitted the Raman modes to Lorentzian line shapes and deduced

which ones were strongly coupled to the CDW excitations from .

" discussed a theory which could account for the results by

interaction of a longitudinal phonon branch with the CDW.

.

Mmoo



Lucovsky et al. (1976) reported a single weak IR mode at

210 cm~1 in the QcCDW phase of 1T-TaS,. At room temperature

they saw six IR modes 1

e CCDW phase of 1T-TaSe,, evidence
of a large unit cell. and Claymén (1976,1979) have seen
ten strong IR modes in\the CCDW phase of both these crystals.b

This work forms the basis of the experimental part of this

thesis.

~In conclusion, thére appeqré to be a fair amount of
interest in the phoﬁon modes folded in to k=0 by CDW-PSD's. Of
particular interest is the cbupling of these modes to the CDW
itself. This has been seen in the‘softening of certain Raman
modes. Modes which disappear at the transition out of the CDW
phases have been interpreted as either amplitude or phase modes

of the CDW itself.

In the next chapter details of sample préparation and
measgrement technique ére.presenteé:t Chapter 3 describes how
the reflectivity spectravweré ahalyzed using oscillator fits and
the Kramers-KrSnig reiations. Chépters 4 and 5 discuss the
interpretation of the reflectivity.spectra in terms of phonons
and plasmons (free carrier excitationsy. A summary of the
significant findig&s, of th,i,s,,s,,t,udi l

chapter.



Table 1.1
_ Lattite parameters of 1T-TaS, and lz-TaSeZFnégm.
ao cO 4 BO
1T-Tas, ~ 0.3346 .~ 0.5859 - d.2366
lg—TaSe2 0.3477 50.6273_ 0.2;59



Table 1.2. Optical phonon frequencies in wavenumbers for
some transition metal dichalcogenides.

2 EL A E

Alu ‘ Eu E2g =29 1g g
L{ octahedral coordination
Tis. 17511 3352 232°
2 10 5 5
Tise, _ 13770 195 134
1441 |
2rS - 181t ©333° 235°
2 13 5 5
ZrSe 1287~ 194 148
2 12 5 5
HES 166 A 337 253
2 12 5 5
HfSe 98 198 155
2 | 15 : 4
VSe2 met. 206
2H trigonal prismatic coordination
Nbse, meti3 303 2375 2305 133%°
1 - : 238 231 \
Tas, metl® 2517 28517 39917 20317
Tase, metT? 232 207218~ 34248 13982
o 25 | \ 2LA?
MoS,) 4705712 377% 1 347 377% ' 39sé : 298%
384°7 - 383 409 287
MoSe. 35012 ., 283l 2851 361t 2171
2 12 |
288
MoTe 24071 : 2371 3211 2011
2 12 12 |
WS, 435 356 |
Wse, 30512 24512 o551t 25014 25314 37gtt

Table of superscripts on next page.



Table 1.2(continued). List of superscripts. T -

10.
11.
12.
13.
14.
15.
16.
17.

18.

Agnihotri et al. (1973)
Tsang et al. (1978) : o t ?
Wang and Chen (1974) ' | |
Smith et al. (1976) |
Nathan et al. (1972). Smith et al. (1972)
Wieting and Verble (1971)

Verble and Wieting (1971)

Holy et al. (1976)

Steigmeier g; al. (1976)

Holy et al. - (1977)

~ Lucovsky et al. (1976)

Lucovsky et al (1973) ‘ , %}
Karecki (1975) ’

Mead and Irwin (1977) 

- Bayard and Sienko (1976)

Wilson et al (1975)

Klein et al. (l97€%

Duffey (1978)
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Figure 1.1
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7/ , Figure 1.2.

-~ Resistivity vs. temperafure for l_’g—TaS2 and lg‘_-TaSe2

’

taken from Wilson et al. (1975).
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Figure 1.3

-

Normal modes of the 1T and 2H structures.
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Chapter 2. . Experiment . - B - .
t
A. Crystal growth.

== Both 1T-TaS, and 1T-TaSe, crystals were gfown by the

iodine vapor transpdrt method. The l_T_-TaS2 crystals were

prbvided by J. P. Tidman. The lszaSez crystals were gfown by
. x

the author especially for this experiment. The details of the

~crystal preparation follow.

Stoichiometric amounts of Ta and Se (3.5 g total) were
placed in a cylindrical quartz-glass tube (2x28cm). Enough
excess Se and I, were added toAgive about 1 atm pressure at

950 C. The excess Se was added to ensure proper stoichiometry.

"~ The tube was heated to 600 C for two days. Thié was
followed by a back transfer with one end of the tube at 1000 C,
'the other at ééS C. This eE;Hred that‘all reagents went to the
cool side, leaving no nudi;ation centers 'in the growth zone.

The temperature gradien£ was thén reversed for ten days.
This temperature is 25 C cooler £han that reported by DiSalvo et
al. (1974) apg was found to be crucial for results. The tube
wasljgken diréctly from the furnace and plunged into ice cold
water to gquench the crystals into the metastable lI'phase. The

iodine is responsible for much of the heat transfer during the
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guench. : o : -

One very large crystal 142xlcm resulted, along with many
smaller ones. They were gold in color with good optical
' : . e
surfaces. The lI—TaSZ crystals were -also gold. No direct
: S

tests of stoichiometry were performed but ‘an indirect measure

can be obtained from resistivity measurements.
B. Resistivity measurements.

In order to characterizé the particular samples used in
these experiments, the resistivity, p(T), was measured using
van der Pauw (19582 geometry. This is a four-pfobe technique
where the sample must be of known £hickness; Errors grise from
the size of the contacts, aSsumed to.be pointé.. "Crystalbond

509" held the saméle to a Cu substrate. The contacts were made

with a silver paint. The results are plotted in Fig. 2.1. <

The abgolute value of the ;eSiStivity of iz—TaSZ obtained
were at wide varianqe with those réported in the literatufe.
Evidently the sample was either not of uniform thickneés or ‘the
weight, abouf 2 mg, was not determined accurately. At rooﬁ
temperature, other observers report resistivities in the range

8-10X10"4ohm-cm. (Tidman and Frindt 1976. Thompson‘gs

al. 1971. Disalvo and Graebner 1977). The variations between

crystdls is most evident in the widths of the QCDW-CCDW
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transition and the IOW'tem;ératu:pétesistivities."Théffei%tiVE"'”'*"ﬂ*4:
results obtained here were normalized to 9X10~4ohm-cm at room
temperature.
]
" The lg-TaSez crystal used was thicker'and more uniform
than the l_T_--‘TaS2 crystals used above. Its thickness was
determined by weight, estimated surface area, and density.
obtained from ;atticé parameters. Finite contact size and the for
area determination combine to give an estimated 10% error. The
results are plotted in Fig. 2.2. |
y
The 1T-TaSe, iCDW;CCDW transitibn occurred at the
established value of 473 K with a 12 K hysteresis as measured in
o a separate expea}ment. The crystal used was from the same
b#tch as thét used to determine the absolute resistivity bétween'
295 and 4.2 K. It is reasonable torassume that theifrroom
temperature'resisitivities are Ctharable. This gives
p (473 K)=4x10"4 ohm—cm for‘the resisitivity directly abové

the QCDW-ICDW transition.

C. Reflectivity measurements.

Almost all the spectfa"were obtained using Fourier
transform spectroscopy. This technique'is well established..

Chantry (1971) has given a good- elementary exposition. Light

from a broadband 1light source is split into two paths either by

74



amplitude division (Michelson interferometer) or by wavefront

division (lamellar ihtefferometér). Oné path length is’fixed,
the o£her can be varied. At zero-path differencé, light of all
frequencies will interfere constructively. AS one path length
is varied, light of different frequencies will interfere, some
constructively, others destructively when the two beams are
 recombined. Recording the intensity versus path difference of
the combined beam produces an inte}ferogram. Placing a sample
into the beam permits'spectroscopy to be performed. Since the
interferpgram is the Fourier tranéform of intensity versus
frequency, it can be inverted by computer to yield a spectrum.
The advantages of this technique are realized most fully in the

far—infraréd region of the spectrum (V < 250lcm'l).

4Mést of the experimental,details of tlfe apparatus used here
‘have been diséussed by Templeton (1973). As.a result, the
following description will bé brief; emphasizing characteristics
responéible for the ultimate signal—to—noise ratio and

resolution of the resulting spectra.

LS

1. Light source.

A water cooled quartz jacketed mercury arc suppliéd the

broad bapd light necessary for Fourier transform spectroscopy.

L4
The output of the one used tends to vary occasionally over a

period of minutes. These effects are called "lamp
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fluctuations". They are random and can be averaged out b
Y Y

averaging either spectra or interferograms.
2. Interferometer.
a. Beckman RIIC FS-720 Michelson interferometer.

An essential part of any Michelson interferometer is a
beamsplitter to divide the amplitude of the light source into -
two paths. ' In thig instrument, they are constructed from thin
Mylar films. These make use of ;hin film interference to divide
the beam amplitude. 1In order of thickness, the 15G, 25G, 50G,,
and 100G beamsplitpers have zerd efficiency every 750, 450, 2Zd
and ;lO cm"l,respectively. Their maximum efficiency is

reached midway between the zeroes and can reach 75%.

/

>
Y

The pa£h length %}fference is varied in step-wise fashion
and the interferogram‘is sampled at each}step. A result of this
periodic sampling is that the calculateé‘spectrum repeats itself
every frequenéy interval of 1/R(step size)l. Frequencies higher
thgn this cutoff-frequency.are folded baék to lower frequencies,
distorting the spectrum. A low pass filter is used to cut off
these high frequencies, usually aided'b§A£he7first minimum of

the beamsplifiéff

The stepping motor on our FS-720 moves the mirror in steps

-
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of 2.5 microns. The maximum frequency that can be obtained is < -

limited by this to 1000 cm™1, Using this step size, best

spectra were obtained with the 15G beamsplitter and a black
. polyethylene filter. Absorption lines in the Mylar and the
rolloff in beamsplitter efficiency towérds its first miniéum at

750 cm~! restrict the useable bandwidth to 600 em~1 and

below.

Since the beamsplitter efficiency goes to zero at zero
freguency, there is a lower limit to the useable frequency of a
spectrum. Thicker beamsplitters are more efficient at lower
frequencies than thinner ones. Thus to obtain. a complete
spectrum, different beamsplitters and filters must be used. The
configurations used in £hese experiments are listed in
Table 2.1. Complete spectra are obtained by splicing together

spectra taﬁff\iizh édifferent beamsplitters at frequencies where

/
they oveflap.

In Fourier transform spectroscopy the increased number of
spectral elements required for higher resolution (AV) is
obtained by increasing the path length difference recorded in

+he interferogram. That is, AV=x>~1/L, where L is the maximum

path length. The marximum resolution used here was 0.5 cm"l,

less than the machine's 0.1 cm~! gap@city,rm;nrp;acticé, the

resclution is limited by signal-to-noise since at larae path

bl
ien

th difference, the variations in signal caused by

19}

<



interference ‘are obscured by noise. o /
AN
As the interferogram is recorded, the steps themselves can
vary causing random stepping errors whiéh dislort the spectrum,.
As an example of this effect, replacing the sticky grease on'thé/\\

vacuum seal of the moveable mirror made a significant

~ - -~ improvement in repeatability. Averaging interferograms or
\\ - spectra will reduce this error.
; ot

-

i
b. Beckman RIIC LR-~100 Lamellar interferometer. .

.

This instrument uses a special slotted mirror to split the

‘wavefront and introduce a path dif;;;eﬁCe. It is

diffraction-1j to a high frequency limit 100 em~l, 1ts

low frequency limit) is determined by waveguide effects in the - -

mirror and is about 2 cm~l, The instrument is most effective'
below 50 cm~l., It was used primarily below 25 cm™ ! where it

" is superior to the FS5-720.

-

3. Detector system.

One detector was a Ga-doped Ge bolometer cooled to near

0.3 K using pumped He3. 1In practice, its signalfto—ndise

ratio was limited by spurious vibrations of the cryostat

assembly. That is, noise would come and go, spmetimes related

*

4 to fluid levels. Dampening procedures (rubber mounts,
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strategically placed weights) seemed toghelp, as did varying the

- 5 .
light chopping frequency. The less signal, encountered in using
the lamellar interferometer or absorbing samples, the worse the
‘'signal-to-noise. Longer measurement time at each point is

effective with this kind of noise.

i

o

“The sampie section of the cryostat chsisted'of a5 cm
diameter tube about one meter'long. This isolates the ligh£
" path to”thé.deteétor"froﬁ*thE’sﬁrrounding.liquid He. This tube
is large enough to accomodate a variethof sample
'configurat;ons‘at lowAtempératufes}v A dﬁal cavity ahd 15°

single reflection apparatus could fit into this sample tube.

«

The quartz window isolating one He3 system absorbsi

fregencies higher than 330vcm'l.,LThe mylar-window in the
other detector cryostat has annoying absorptibn lines above

1

500 cm'l, To obtain specﬁrg to: 600 cm™", a doped- Ge

bolometer that fit iAto a liquid He storage dewar was used. Its
signal-to-noise is inferior to that of the 0.3 K system,
restricting useable resolution to 2 em~ ! even Withvaveraging.

4. sample configuration. - - -

All)&ight was directed from the interferometer to the
sample and then to the detector using 13mm dia. light'pipes.',

These were tubes of either polished brass or gold~coated

-
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stainless steel. Two types of sample configurations were used,

single bounce or multireflection. For temperatures below 80 K,

It : ,
the samples were mounted inside the sample tube of the detector

cryostat. Above this teméerature, the‘samples were mounted

»

outside, in a separate cryostat.

.
'

a. Single bounce.
(1). Near normal incidence.

' Low temperatures, T ~ 4.2 K, were obtained by placing the

sample into the sample tube of the detector cryostat. Fig. 2.3

shows the sample holder. The sample chamber is cooled only”with
exchange gas coupling to the outer He bath. The reference was
) > o

polished brass and was mechanically rotated into the beam  from.

outside the detector cryostat.

To go above 80 K, a simple optical dewar was placed into
the beam outside the detector cryostat and interferometer.
Windows were of polyethylene. Fig. 2.4a is a schematic diagram

of the arrangement.

- The 1I-TaS, "éfyStalsf used were -small; necessitating the

’ 4
use of a composite sample. Here, Al foil pressed over the sample

served as a reference. Al is a good metal and highly reflecting

in the far-infrared.
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A single, large (2x1.2 cm2) 11—TaSeé crystal was used.
The surface was of good optical quality. This permitted

polished -brass to be used as a reference. _ . .

(2). 45° incidence.

This configuration was used to gain\informatibn about
polarization dependence of the reflectivity. A schematic
diagram'of the experimental setup is shodn.in Fig. 2.4b. " The
polarizer is a .mylar film on which 500 lines per iﬁch of gold is
evaporated. As the grating sPaciﬁg is much less than
far—infra:ed wavelengths, radiation polarized perpendicular to

the grating is transmitted virtually unattenuated. The other

component is strongly reflected.

F N

»

b. Multireflection. .

To bring out weak structure, crystals were placed into
non-resonant cavities (Ward 1976). See Fig. 2.5. The - 1light

from the interferometer is spread out by conical light cones so

. 7‘%//
number of bounces made is a function of the cavity's

reflectivity.' It can range from hundreds in the case of a very

reflecting cavity to one for highly absorbing éamples.

as to make many bounces before exiting to the detector. The
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For high temperature runs (T > 40 a single cavity was

used. The reference spectra were taken witH the bare cavity
before heating. Many crystals were attached to the cavity.

walls. Mechanical clips were used to hold the crf

- c

als at the-

hlgher temperatures in order to av01d contamlnatlon from any

Vadheslve. At lower temperatures (T<<400 K), the dual cav1ty was

N

used for the convenience of taking a reference spectrum.
Samples were held in with Crystalbond adhesive. It was difficult
to align the apparatus. Runs taken on different days sometimes

Ffdisagreed with one another in absolute values by up to 25%.
4"3&. .

s i

6. Fourier transforms.

Interferograms with up to 512 points were transformed on an
HP211§Apminicomputer. The Fourier transform programs were
writtegkby Templeton (1973), David Pappii or Brian Farnworth.
The reflectivity spectra were obtained by digital divisionrof

~.sample and reference spectra.

°
2.

7. Grating spectra.

Some ‘room temperature measurements were taken w1th a

Perkin-Elmer 457 gratlnc spectrometer using a Beckman C-621 beam
condenser and MSP-02 reflectance attachment. This extendsﬂfrom

250 6n up to 4000 cm~l. Since the beam is condensed to a
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ze it was used to get an absolute reflectivity

m\
g
Wi
H
o
H
ol

measurement agn small crystals. The spectra could then be
compared with those taken on the inteferometers.

N
D. PFar-infrared reflection spectra results-.

1 B :
Spectra were taken -in all phases of both 11rTaS2'and

lI-fTaSe2 crystals.
1. li—TaSz spectra.
a. ICDW phase.' T > 370K.

- 8ingle reflection spectra takenkat 3901K were featufeless,
the reflectivity dropping off slightly at highﬁr frequencies.
The absolute value could not bé detérmined sufficigntlyr
accu%ately to detect any deviation from the Hagen—Rubehs
relation (Ziman 1969). That is, tfpical metallic reflectivity
Qas observed below 500'cm'1. It was not felt that averaging
woﬁld increase the signal-to-noise enough to observe any phonon

modes, especially sin‘g none was seen in the QCDW phase.

" b. QCDW phase. 220K < T < 350 K.

, . ‘ A i
A four percent decrease in integrated intensity was
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QbSeryedeyer,theerhggbO=5QQ;gme,as the crystal was cooled
| 1

béiow'358 K. The spectrum had a peak frequency nqu 200 cm™
At room temperature the feflectivity‘was found to be
(featureleés, typical of a metal, and adequately described by the
VHagen-Rubéns relation. Putting the‘cfyStals in the
multireflection cavity did not bring out‘?ny weak structure. A
typiga;hgpgct;umwig”shgygmigﬂfigj 2.6. 100 cm-1 is the éplice
point of two spectra taken with filter and beamspiitter
combinations appropriate for higher and lower frequencies. The
drop in begmsplitter efficiency at this point makes the spectra
noisy. An expériment to ﬁill in this frequency range was not

considered to be worth the effort. Three points calculated fom

the Hagen-Rubens relation (3.6) are indicated in Fig. 2.6.
c. CCDW phase. T < 180 K.

Under the same conditions as above, thé integrated
intensity dropped another 15% at the QCDW-CCDW transition. Many"
-reststréhlung—like peaks appeared, andrlittie temperature
dependence of thesg~peaks was noted. The compiete spectrum at
.lOO K is 'shown in Fig. 2.6. It ié constructed from spectra taken

with three different beamsplitter-filter combinations.

o2

At 45° incidence, some data were taken with polarized

incident light. For p-polarization, the low frequency modes
. ) }
. {50-120 cm'i) were stronger than for s-polarization. The high
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fréquency moaes Qeréiboiariéatioh iﬁdepéﬁdégégwwfié; 2.% shows
the ratio of reflectivity at 100 K to 295 K with polarizer in
place. One high frequehcy mbdé at 204 em~! is also shown to
demonstrate that it is polarization independent. Since it
occurs close to the cutéff frequency where the intensity‘is low,
the fact that the ratio seems to be greater than one is of no

concern. In fact, the results areiﬁery good for being so close.

to the cutoff frequency.
2. 1T-TaSe, spectra. -,

a. Cavity spectra. ICDW and CCDW phases. 500>T >295 K.

Spectra were taken with the sinéle cavity. At room
temperature, multiple phonon modes appeared. (see below). As
thé temperature was raised to 560 K, the integrated intensity
increased'by 10% for Vpeak=100 cm~ L and_6%sfor
'vpeak=60 em~ 1, All_structﬁre aiéappeared to within 1%

signal-to-noise. It reappeared upon cooling.

’ ~ :
b. Single reflection spectra. CCDW phase. T = 295 K. .
Spectra taken at 15°vincidence are presented in Fig. 2.8.
Spectra were averaged until the signal-to-noise ratio exceeded
1% between 100 and 250 cm~l. The absoluté value of the room

temperature reflectivity was found using the grating



spectrometer described earlier, and used to normalize the data

shown here.

To bring out the weak structure observed, the dual cavity

was used. About 80% of the cavity was lined with sample.

Fig. 2.9 shows the ratio of intensity transmitted through the
sample cavity to that of the polished brass cavity at various
temperatures. The structure is obviously much stronger. Ten

modes can be identified in the range 40-250 cm~l,



Table 2.1

Beamsplitters, filters, and their effective frequency
ranges'in cm-l. Black polyethylene was always use

attenuate the visible and near-infrared.

v - - . ) - »

Vlow vhigh Beamsplitter Filters ) :

40 - 80 100 G cooled Y-cut quartz.

: and NaCl ‘ '
60 - 200 50 G cooled ¥Y-cut quartz
and LiF '
90 250 : ' 25 G room temperature
_ - Y-cut quartz

8.0 : 350 | 25 G pyrolytic boron

nitride

120 600 15 ¢ black polyethylene
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Figure 2.2

Resisitivity of 1T-TaSe, vs. temperature.
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~ Figure 2.3

Sample insert for reflectivity measurements at 15°

incidence at liguid He temperatures.

Sample

Reference

|
—
i To detector

T R
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Figure 2.43) Sample configuration at 15° incidence and
T >80 K.

LN2 Sample dewar

Beckman FS-720

Fourier Spectrometer 30

1.3 cm dia.

light pipes
0.3 or 4

Bolometer

(@ . .
15 incidence

b} Sample configuration for polarization

o . \
measurements at 457 incidence.

polarizer

Spectrometer Sample

o . .
45~ 1incidence
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) Figure 2.5. -
-~ Cross-sectional wiew of dual.cavity.
{ After Ward (1976). Full scale).
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Cavity transmission ratio

=~ 45
)~ 81
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182
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228

100 K

295 K

—

100 cm

1

‘Figure 2.9

300

Cavity transmission ratio, I(TaSeZ)/I(brass), vs. frequency

at various temperatures. .
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Chapter 3. Determination of optical constants. ;

The reflectivity aéfa of the preceeding chapter were
analyzed in two ways‘in order to determine the optical
~constants.‘ If the reflectivity over a wide freéuency range ie
knewn, a Kramers-Kronig analysis can be performed. An
oscillator fit can also-be-done. —?hesertwofmethodsfere
described in this chapter. At the end, a semi-quantitative fit‘

. "is made to the multireflection spectra using parameters deduced

- from the single reflection fits.
A. Kramers-Kronig analysis.

The Kramers—Kronig relations (Hodgson 1970) connect the
real and imaginary parts of a function. This function, g, must
have\frequency as its argument and relate two qeantities.obeying
Eausality. For instance: D= ¢E. The quantity D can only depend

on the values of quantity E in the -past.

A

e

In terms of the reflectivity, at normal»incidehce, R=lrﬁ .
¥

and phase angle, 0, between the incident and reflected ray

(rr=rieie ), these relations give

o © : _
‘L9(155;(177?3ﬁ'EZY(IﬁE(Lffjﬁf/(lbzé w?2)). @y
_ A : .

-

This equation was evaluated numerically. The singularities

5
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of

at w=uw’ weré_negotiated,by using L'Héspital's rule. Low
’frequenéies weré'éxtrapgiatéd using the oscillator fit‘described
in the nexf section.v This is essentially a Hagen-Rubens
extrapolétion. High frequenciés were obtained from the data of

Barker (1975). The optical conductivity calculated from the

analysis is shown in Fig. 3.1.

The transverse optical (TO) frequenciesliigiif lattice

modes were determined from peaks in the absolutevalue of the

dielectric constant, €l . (Chang et al. 1968). They are -
tabulated in Table 3.1. Longitudinal mode frequencies were
estimated. from the minima in J€! . Unless a mode is isolated

from neighbors, this is probabiy not a good estimate.-: The

4

1

resolution of the data is 0.5 cm™+ at frequencies below

80 em™!, 1 em™l until 132 em~l, and 2 em™l at higher

frequencies.

A similar analysis was not done for lEfTéSez because data

were not available at higher frequencies.

B. Oscillator fits.

Infrared electfomagnetic radiation couples to a solid

through currents and polarization as described by Maxwell's
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from o(w)= 1Im(e )/4m )

“equations. Experiments can determine the parameters used in the

o &

4

macroscopic Maxwell}'s equations, for instance € (w ), where
D= €E. From this the optical constants n and k can be

determined from v/ =n+ik. The optical conductivity is obtained

P

r~A~Lerentz~o§ciiiator~can'beAuse§ to describe either phonons -
or interband electronic transitions. Simple classical .and more.
involved quantum mechaniéal calculations all lead to an
expression of pheiLorentz form

for the contribution to the dielectric constant from the

i-th oscillator. w;

j is the resonance frequency and T; 1s

the relaxation time used to describe damping. A; is a
constant that can be related to microscopic models. The

separate'contributions to the dielectric constant are summed.

Far-infrared photons are almost alwéys too low in energy to

excite any interband transitions. Setting w=0 and summing over

all possible transitions, He

i

£, is called the oscillator strength. In the following



discussions €, will be taken as a constant used to fit———
experiment.

Intraband .electronic transitions can be describeq by
letting w;=0. 'This corresponds to having no restoring force.
This contribution to the dielectricvconstant is called the Drude
term. .
The total dielectric constant can then be written as thé

sum of wvarious contributions,

e(w)= €0 +ESi,woi2/( woipz‘ ;,'z—iw/'ri) | .
- l .
- pr?,‘/(w(w+2'rrciGi)) | (3.4)
1

The first term comes from the electronic polarizability or
interband tranéitions. The second term is a sum of Lorentz
oscillators'accounting for phonon excitations. A; has been
written as si‘“oiz to simplify ﬁhe form of other formulae.

Note that S; is dimensionless.

The third term accounts for free carrier intrabaﬁd
electronic transitions (plasmons). A; has been written
‘as w32 because in the free electron model S U —
electronic polarizability is negligible, this would be the

frequency of a longitudinal plasma resonance. The felaxétion

&
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timevhas been replaced with 1/7 i#ZTrcGi‘so that a fit can J
be made with the damping parameter in units of wavenumbers.
Frequency w is converted to wavenumbers V’lby.means of

Vv=1/A = v/e=w/2me.

The dlelectrlc constant is related to the reflecth1ty at

normal 1nc1dence by (Zlman 1969) R= (v"—i)/(v”'+l) . (3 5)

It follows from (3.4) that wheh G2>V"; ohly the ratio
V 2/G can be determined by a Drude  fit and not the two
‘parameters separately It can also'he seen that the value of
€ is not especially critical to the reflectivity in the case
"where V_Z/G>>€;, . This is theAsame apprOXimation made in
‘der1v1ng the Hagen-Rubens reiatlon for the reflect1v1ty at

normal 1nc1dence,

1-R= \/2@/110'0 . (3.8).
2. Application. S o

A least squaress fit of Eq., (3.4) to the experimentally
determined reflectivity was performed using the CURFIT searching

~ procedure described by Bevington (1969). Lorentz and Drude = .

terms were added until a satisfactory fit was obtained.

3.- Results.



~ fit achieved. Two sets of the parameters €4 » V

1. 1T-TaS, at 100 K. |

~

THe procedure described abeve was used to fit the 1T-TaS,.
spectrum of Fig.r2.7. A total of 19mLorentz cscillators were | -

" used, a 60 parameter fit in all. . Only the'parameters%éssociated

with stronger modes are listed in Table 3.2. Mode frequencies
agree to within 1 cm™! with those obtained from the

Kramers-Kfonig analeis listed in Table 3.1}1 Fig. 3.2 shows the

-

p* and G

that fit the data equally well are giVen in Table 3.2.

7

/

— /

B ) : B / -
The optical constants n and k (V€ =n+ik) calculated from

“the oscillator fit compare well with those obtained from the

Kramers-Kronig analysis described above. At the Lorentz
oscillator peaks the calculated reflectivities differed:by éé~v
much as 25%, but this is not significant in view of the
digitizing procedure and_sharpness'of the peaks. Away'from the
peaks, n agreed within 2% and k wiﬁhin 10% between thé two -

methods of analysis.

Determining the phonon Lorentz parameters accurately in the
presence of a large Drude contribution requires.that’the

background electronic spectrum be fit to high accuracy, better



‘than 1%. Lucovsky et al. (1976) have done this for-the six

——

high frequency modes of 1T-TaSe, at room temperature. . Their
fitting parameters are listed in Table 3.3. We were unable to
‘deduce phonon parameters;mofe—aécﬁrately than this. As a.result
these vaiués were used in all the'fifs'deSCribed here. Only tﬁe\

Drude parameters ‘Vp and G; were determined from 1T-TaSe,

e e e e T el e e e _ M L

a. 295 Kn’ ] ) v

1

A fit to better than 2% over the range 50-500 cm™ can be
. - * R

made with Drude parameters deduced from the DC ¢onductivity.

‘szc/(ZG)/9x1011=o° mho/cm. For G <550 cm~1 and
P<’5000 Cm'l, the fit was not as good, the reflectivity
dropping~6ffbtodlfast with increasing fréduency. The value Jf

v

o used was not critical to the fit and set at €, =47. This
. is the value reported by Lucovsky et al. (1976) . ~Fig. 3.3

summarizes the results.

b. 100 K..
_Here with £ fixed at 47, a fit with v 2/G at the DC \
value was highefrthaniexperiment by up to 4% (Fit A). If €g j

was allowed to vary, a slightly better fit was obtained with-
lower values of all parametérs (Fit B). The results are listed

in Fig. 3.4. %, deduced from fit B was 1244 mho/cm about a



third of the DC wvalue of 3570.

1
' . 1
At this temperature, if all three Drud% parameters were'

allowed to vary, a large value .of €, resulted, around 1000.

Furthermore, all‘the dips in the calculated spectrum vanished,
in disagreement with experiment. If g, were fixed at a

reasonable value, around 47, beoth 'Vb and G were much smaller

‘than at hiQhér temperatures. Extending the experiment past the

value of Vb/yfzs might help to determine them more
acgﬁ(ately. ' |

Fig. 3.5 shows a fit with g, fixed at 29, the same value
found to.fit the data best at 100 K. The size of the dips at
each Lerentz oscillator ffequency‘depend Strongly on thé value
of G. The value of G=117+25 cm~1 obtaiﬁed gave good account
;f'the dips observed. A value of V§=2911 cm~! was also
obtained. o4 deauced from this fit was only about 20% of the

DC value of about 104 mho/cm. This is not surprising as the

fit is too low at lower frequencies.

_Just changing gg
to drop off much too rapidly with frequency. A fit with gq
fixed at 47Ygave '_b§3644 and G=137 cm~l. The dips were a

little smaller thén for the g4 =29 fit.

0 47 caused the calculated reflectivity =
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The dips in the low temperature reflectivity at each phonon
mode occur near the TO frequency. The frequencies determined by

Lucovsky et al. ({1976) at room temperature are about 2 em~1
too low to fit the spectra at 4.2 K. If the phonon TO
frequencies are obtained from the minima in the'mﬁitireflection
’spéctra*of“Figtfé%QTWthEMfitAisfbetterv~~{bwshew=the~appfeximateWW~~_v7
agreément with experimental spectra the calculated spectruﬁ
tilted slightly to coincide with experiment, as is shown in the

; ; ] : g

inset of Fig. 3.5. This is a crude way of accounting for the

non-Drude-like electronic background.

I
.
b

If a second Drude term is‘introduced, the fit will
obviously be better. If €4 is allowed'to vary one gets the
dotted line fit of Figl 3.6. O, deduced from this is ’
1.18x10% mho/cm in good agreement with the DC value of
0.99x10%. 1f € 1s fixed at-47'a similar fit, not shown, is
obtained. O here is deduced as 1.32x10%. Both'fits used

Voi from minima in the multireflection spectra- The
V,=228 dip appeared at 226 em~1 in the plot. That is, the

dip appears about 2 cm~l lower than the Lorentz frequency.
C. Cavity model.

A model used by Richards and Tinkham (1960) for the

transmission through a cavity has application here. They -

-
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14

associated a "Q" with each part of-the cavity. -Since 1/0 is

proportional -to the total energy loss per second, one may write

the following : 1/0=1/0Q,.114+1/Qentrancetl/Qexit -

%

The entrance and exit holes have absorptivity -of unity,

obviously, and their Q=8TTV/(P&1A ), where Ay is the area of

}**“*“thé“hbié*and‘V_isgfhéﬂtévifyMVGIﬁméT‘yFOr an 1sotrdplc metal, =
Lamb (1946).has found that, averaged over all angles of

i incidence, Qwalls=611V/(A){§w), Whgre A is the:gbsorptivityr
a of the walls at normal incidence. A, is the wall area.: r A=1-R
for thick walls, R being the reflectivity. For lE—Taéeﬁ‘only
R at near normal incidence is known. It would have to;be
multiplied by some unknown. factor, set equal to unity here in

order to account precisely for the value averaged over all

angles of incidence.

The cavity results of‘Fig.-2¢6 are in the form of ratios.
If the. Hagen-Rubens relation (3.5) is used for the réflectivity
of brass, and the oscillator parameters of ?igs. 3.3,3.5 and 3.6
are uéed to calculate the lz—TaSe2 reflectivity, a theoretical
cavity transmission ratio can:be obtainéd. This is plotted in

- .

Fig. 3.7. /

-

At the two highermgégpéféfufeé; the aéfeemént with

expériment, Fig. 2.9, is fairly good. However, the calculation

for 4.2 K has too much slope on it to agree with experiment. -A
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Paad i =
~ R § : . =,

reflectivity measprementf:not reported earlier,. taken at 45°
incidence on 1T-TaSe, at 4.2 K showed less of a drop with
increasing frequency than the near-normal 1nc1de ce
measurements. The too rapld slope of the 4.2 K culation may
be associated with not having integrated the reflectivity over

all angles of incidence.

The phonon resonances inithe cavity calculation show good
agreement with experiment. The Lorentz parameters used to fit
/the phonon contribution to the refiectivity were those of
Lucovsky et al.(1976). They are listed in Tablé 3.3. Comparing
these with the 1T-TaS, parameters listed in Table 3.2, one |

finds good agreement of the parameter S for the six high

freguency modes.

w

dae might then expect that similar values of the parameter
S would also be approprlagg for the low frequency modes of both
crystals. If this is assumed, and the additional phonon modes
are included in the calculation of the cavity transmission
ratio, the reflectivity of these modes is too large to agree
with. experiment. Values of S about 20% of the 1T-TaS, values
~ are more realistic. Thls estimate is the best that can be done

since these low frequency modes were too weak to be seen in a

51ngle reflection w}EE’;be apparatUS‘used here.

B el ot A1 10
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Table 3.1

Transverse optical frequencies determined from a Kramers-

Kronig analysis of the 1T-Ta5, reflectivity in Bpe CCDW phase.

The frequemcies of strong modes are underline®’’ Longitudinal

optical frequencies are in parentheses.

Low frequencies (cm 1)

54,(58), 58.5(61), 63.5(64.5), 66.5(67), 68.5(73), 75.5(76),
78(81), 82(83.5), 88(89), 94(95), 97(99), 104(106), 107(114),

115(118), 120(123), 125(126), 131(132)

1

High fregquencies (cm

l82(§%0), 204 (212), 240(244), 256(2%8), 260(266), 286(288),

292°(296), 306(312), 322(326), 354(362), 370(378), 386(390)

-
394 (398)

g b uf Tomramies
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f%ple 3.2. Fitiing parameters for 1T-TaS, at 100 K

1 5

€0o=40 'vp=2.8x;o4cm' G=1.9%X10%cm T
orxr

48 1536 cm 1 524 cm™ T

ﬁo(cm-l) , S j Tklolzseé)

54 I 23 | 3.1

68 " 9.6 2.8

78 = 4.7 1.1
104 - 5.7 1.9
107 - 2.1 . 5.4 -~
204 o 2.4 1.5
241 - 0.66 1.8
256 S - 0.52 1.0
261 0.89 1.4
286 | 0.41 1.6
292 ' , 0.51 1.4
306" - ) f' -~ 0.76 1.3
355 0.57 » Ofé



Lucovsky's (1976) Lorentz parameters for lg_-TaSe2

Table 3.3

at 295 K

135.1
152.8
165.4
182.3
196 .7

224.9

47




64

10 i 1 . U S U I —
E
3
\ -
%
>1 L
+
-
>
-
+
: H
3
rU J
=
0
O
102 [— u —
L - '
| | ! |
, -1
0 280 cm 400
requency
Figure 3.1

Optical,conductivity~of—lngasirat—~109Krcalculatedrfrom

a Kramers-Kronig analysis.
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_ Discu

ssion of phonon results.. .

__Chapter 4.

v
-

The oscillator fits described .in chapter 3 determined three

parameters for each phonon mode; the frequency, Goif the

relaxation time, " Ti: and the strength, S;. A discussion of

' the damping is outside the scope of this thesis. Part A of this

-

‘chapter will be an{gttempt to exg?éin the phonon frequencies

_observed in both 1T-TaS, and lgffgggz. Part B will discuss
the parameters S; in terms of effective charges. The
temperature dependence of the spectra is associated with the

electronic contribution of the plasmon term and will be

discussed in Chapter V..

A. Phonon frequencies.

1. Linéér chain model.

The linear chain model is- the simplest lattice dynamical

model. It is discussed in most elementary solid state textbooks

]

(Kittel 1966). Expressions for the frequencies'gin the long

wavelength limit from more realistic models frequently reduce to

t

those of the linear“ﬁﬁain modei with suitable ijidentification of

force constants and mode masses.

2

‘Wieting (1973) has used the linear chain model to study the

lattice dynamics of 2H-MoS,. It is easily adapted to fit the
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rw}sz§Iz structure. The expression(u02=keff/ﬁ has a valﬁé

of the effective fofce constant, Xgeg, énd mode mass, m, for
. each type of long wavelength mode (Fig. 1.3). For the Eg
‘,Raman mode, m=m(2I) (mass of two iodine atoms). _For the

infrared Eﬁ mode, m=m(Cd)m(2I)/(m(Cd)+m(2I)) (Appendix I).

The effective force constants for compounds related to

1T-Tas, and lI-TaSe, will be discussed first. The E,

force constants for the compounds whose optical'phonon
freéuencies are listed in Table 1.2 follow certain trends.
Kegf is always greater for the sulphides than for the
selenides of a particular cation. keff increases down a
célumn of the periodic table. For the oroup VIB compounds,
kéff is more nearly constant than for the group IVB compound
Less dat? are available from group VB compounds due to their
more metallic nature. The above variation down a column is
than 27% for the group IVE compounds and less than 6% for th

¥
group VIB compounds.

Moving across a row, where mode masses are nearly equal
is easily seen that keff increases significant]ly. The lower
values of the group 4VB force constants are undodbtedly due

partly to local field effects. These are greater in more io

~compounds. (Burstein 1967,1971). Evidently the group VB»

compounds are somewhat intermediate to groups IVB and VIB.

presence of CDW distortions complicates the comparison.

S.

less

e

, it

nic
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4

. 4
The linear chain model can also make some prediction on how

the phonen modes in the 2H compounds should compare with the II

compounds. Verble {1973) used it to show that the near

Btk

degeneracy between the 2H E, and Esz mode frequencies was

due to weak interaction between the two layefs in the unit cell. @%
——— e f7131&"2%%592%@4&-%592-%f—épequene‘ie&f—eheuLde—beeneazzete—w—e—re—»m—ew

~ the observed Raman frequencies of 285 and 207 em~1
E:? respectively. It can be argued that the 1T and 2H force
. ‘ - o ) . }\ . . : P

constants are approximately egual, at .least near ghg/zone center

in the nearest-neighbor approximation. Duffey (1978) has

modified Bromley's {(1971) central force model, used for only one

trigonally coordinated layer in the éﬂ system, for the

octahedrally coordinated 1T case. The E, mode frequencies

predicted were identical. Assuming the same nearest neighbor
3 ) . Sy - - . ;

5 force constants, the 1T and 2H structures should have the same

Y

E, mode frequency, that predicted above.

\

Infrared—-active phononé have been observed in the preseht'

' éxperiments near to these frequencies in the CCDW phase of both
crystals- 286 cm~!l for lT-T382 and 197 cm'l for

lT -TaSe,. (Table 4.2). Thls is not to be taken as cotnclusive

evidence that these observed modes derlve from the E modes of

the undlstorted lattices. The CDW affects the binding between

atoms’tOsan unknown extent. The effect of electronlc screenlng

on the long range lnteractlons is also not known Further work -

.
B o L T,
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is needed to resolve this problem. A determination of the
phonon dispersion curves g;_inelastic neutron scattering in the

ICDW phase Qf/both compounds would be most helpful. ..

0

2. Central.force models.

——————————Bromtey {1971 ) used a simple-central-foree-Bern-von Karman—— —— — -

-

model‘to describe the lattice dynamics of 2H-MoS,. The model

is two dimensional in the sense that k,=0. Three parameters

must be determined from optical experiments or calculated from
microscopic models. Duffey (1978) modified Bromley's model to

describe the 1T-TaS, case.. He estimated one parameter and

determined the other two from his experimentally determined

Raman,fréguencies: an E_ mode at 240 and an Alg mode at 385 .

g

cm'l.

Duffey used thété\irequencies because they appeared in the
QCDW as well as CCDW phase. It is by no means clear that these

correspond to the E_ and Alg.modes of the undistorted

g

;attice. In u?ﬁistorted ngTasz, the Eg mode occurs at 203

em~l while the Alg mode occurs at 399 cem™1 (Table 1.2).

As discussgd earlier,‘these modes sho?ld be similar in both

polytypes of the same compound. The Alg'modes are at similar

frequencies, but the E modes differ substantially. -

el

Table 4.1 .contains the frequencies calculated by Duffey at
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the k=0 [-point and also at the points 61 and 6}. 6& and
Q2 are rec1procal superlattlce wavevectors that appear in the
Brlllouln zone of the undlstorted lattice in the CCDW phase.

This is shown in Fig. 4.1. Thirteen points are labelled aloﬁg'r

the direction of the 5& wavevector which connects the origin . 5

to point "2". This int is one ®»f the inner six points of a
po

"star" surroﬁadlng each lattlce p01nt of the Brillouin zone of .~
the undistorted lattice. ,Qz is the wavevector. of the point

"3", at the outer points of the;star. The freguencies

calculated at the six inner éoiﬁts are equal, as are those for

the outer points. Hence, only the frequencies calculated at

_6& and 55 are given in Table 4.1.

In Fig, 4.i, the‘superiattice points are origins of tha
superlattice Brillouin zone. Stated another way, the
frequencies at k#0 branches of the undistorted lattice become
folded in to k=0 points of the new, smaller Brillouin zone of

1}

the CCDW phase superlattice. The parts of the phonon branches

"fblded in to k=0 are those at the CCDW distortion wavevector.

»

The CCDW phase unit cell has thi;ﬁeen times as many atoms

__as that of the undistorted 1I§Cd12 struciure. Each of the

nlne phonon branches of the 51mpler structure spllts into

thlrteen branches under the 1nfluence of the CCDW dlstortlon.
“This is just an extension of the idea that the optic branch of a

diatomic linear chain can be thought of as arising from the -

>

Gl Ml i

e
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folding in of the acoustlc branch of a monatomlc linear chain.
Gapping could remove the degeneracy SO that\the twelve points of
the star in Fig. 4i1 could ha&e twelve different,frequencies
instead of the twovcalculatedrin this model. Many hQar
degeneracies could stili remain. -

3. Comparison of calculated and observed frequencies.

Duffey's (1978) model is just a first attempt at
understanding the very complex lattice dynamics of a large unit
cell with CDW distortions. No neutron data are available for

comparison. Detailed agreement with the observed Raman and

.infrared spectra is not obtained with this model. v ;m

This model. predicts a gap between modes arising from the
apopstic and optic branches of the undistorted material.
Between 131 and 215 cm“l;rno modes are predicted. This

corresponds fairly well with what is observed (Table 3.1). Holy

»(1977) attributed a weak Raman-active mode at 183 cm—1 to a

two phonon process. The weak modé in the infrared spectrum at

182 cm~1 may also be due to‘such a process. This mode was

somewhat stronger in the spectra reported by Karecki and Clayman

(1976) on a different batch.of lT-Ta82 crystals. Little

e
temperature dependence of thls, or 1ndeed, any mode was observed

from 4.2 to 180 K.

,
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The upper limit of the calculated fréquencigs also agrees
well with what was obsefved. The upper limit of the calculation
appears to be fixed by‘the choice of fﬂ;quency for the Alg
mode. The calculation also has a lower limit close to that

‘observed. A detailed compafison of theory and experiment is

unwarranted in view of the simplicitngf,the_quellw,q_,¢“A;,Wﬁf¢&fﬂéﬁm

5. Comparison of infrared-active modes in CCDW 1T-Tas, ‘ J} ‘
and 1T-TaSe,. N
Since the form of the CCDW phase superlattice for these two
materials is the same, they should have the same number of
phonon modes but at different frequencies due to the heavier Se >

atom. Since S and Se are from the same column of the periodic

table, the force constants are expected to be similar.

-

Thé éresence of more free carriers has been seen to screen
o~ outnthg‘phonons morqrin the_igFTaSez case. Thus é'compérison
ZQX X with only thé strongest modes of lif?asz seems appropriate. *
This$haé been done in Table 4.2. The'li—TaSl2 frequenéies are
from oscillator fits. The four lowest 1T-TaSe, frequencies
*”W""***”f‘are:vstimatES“frém*théféipéfiméﬁtal‘%éflééfivif?T”THé*fémai%ihgﬁ"*”
\éix frequencieé were obtained by Lucovsky et al. (1976) a;d

agree with those observed here. S



The ratios of mode fregencies with the correspondencé

‘listed are givén in Table 4.2. For the six high frequency
" modes, the ratios are remarkably close to the sgquare root of the
inverse ratio of anion masses, 1.57. For the four low frequency

modes, the ratios are close to one. ) 67{'

results as follows. At the zone edge; m=m(2S) for optic modes,
.but m=m(Ta) for acoustic modes. At the zone center,
M=m(2S)m(Ta)/(m({28)+m(Ta)) for optic modes, and m=m(Ta)+m(28S)

for acoustic modes.

Thus, if equal force constants are assumed, the ratio of
mode frequéncies of corresponding modes in 1T-TaS, and
1I~TaSe, should go as the inverse square root of their modé
‘mass rgtio. For optic modes, it should vary between 1.34 at the
zone cgnter to 1.57 at the zone edge5 Fbr acoustic modes, it
should vary from 1.18 to 1.00 in going from the zone center to -

- " the edge.

This implies that the four low frequency modes derive from

acoustic branches of the undistorted crystal. The six high
frequency modes appear to derive from optic modes. This is in
e _ [ . Y S S
agreement with the lattice dynamical calculations discussed

earlier (Table 4.1).

— “”“T?E‘simp1Efiinear*chainAmodeiuof*Section"1~can—explain*the—~w~



79

T ‘ 7 The nearly exact aé;eement of the ratios of the six high
frequency modes eiﬁh the inverse séuare root of the anion masses
is not to be ﬁaken-as conclusive evidence that the mode mass is
that of the anions. As mentioned earlier in Section 1, the
effective force constants. for thefEu modes of the related

compounds listed in Table 1.2 are consistently higher for the

center mode mass given just above could equally well explain the

data. It does not change the interpretation of their origin

* .

from optic modes of the undistorted material.’
6. 'Comparison of experimental infrared and Raman spectra.
a. LI—TaSz.

When a site of inversion symmetry is present in a crystal,
the infrared and Raman mo@es can only be accidentally
degenerate. Examination of the experimentai data shown in Table
4.3 might at first glance indicate that, since the frequencies
oéherved in the Raman and infrared spectra are nqt identical, a
sife of inver‘ion is present. Of the two possible space groups
with a triclinic unit cell, Cil and C;, the former would

‘then be the most likely.

However, it is guite possible‘that all the modes were not

observed in any of the experiments. Many observed modes were at

~-—sulphides than for the selenides. This together with thezone —

1
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“the Iimit of detectability."iEven if the modes seem to be

degenerate, they would have ﬁo be assighed to the irreducible
representations of the point group of small displacements from\
equilibfium before a statement could be made about their
degeneracy. With 39 atoms in a unit cell and uncertainty about

the épéce group, this problem is presently intractable. It can

---——-—— -——-—thus -only be speculated;, based mainly on the absence-of any ‘mode——

“infrared spectrum have no counterparts in the Raman spectrum.

in the infrared spectra near the 228 cm~! mode in the Raman
spectta, that the space group of the superlattice of 11‘-Tas2

in the CCDW phase is Cil.
b. 1I-TaSe,. 4
Duffey (1978) has also seen mode multiplicity in Raman

spectra of 1T-TaSe, in the CCDW phase. At 90 K, where the

spectrum is more distinct than at higher temperatures, he found

rthe modes 1is£ed in Taple 4.4. The infrared-active modes which

are listed in Table 4.2 are also given. The same reservations
about possible degeneracy discussed for 12—Tészlapply here

even more stronglj<due,to the greater difficulty in obserwving

1

these modes.’

The strong modes at 135 and 153 cm~! observed in the’

Based on the discussion of Section 5, the mode at 135 cm~l

correspondé to the mode at 204 cm~! seen in the spectrum of



1T-TaS; in the CCDW phase, strongly in the infrared but only

weakly in the Raman spectrum (Table 4.3). This mbde could easily

.

have been missed‘in Duffey'é work. The penetration of laser
light into the sample is less for more metalliC»lz—TaSez than

for 1T-TaS,, so that the scattered light would be-weaker.

-

*

- The modes in the Raman spectrum of 1T-TaSe, extend to

higher frequencies than the modes observed in the infrared.

‘Since the highest frequency infrared-active modes were weak in
the 1T-TaS, spectrum, it is likely that the cofre3ponding
modes in 1T-TaSe, were too weak to be observed with the
apparétus used here. 1In conciusion, even leés Ean be deduced
from a comparison of iﬁfrared and Raman spectra in £he CCDW
phase of 1I—Taée2 than could be determined from thé 1T-TasS,

due to the difficulties in studying a more metallic crystal.

7. éomparison of li—Tiée2 and 11;TaSe2 infrared
spectra in the CCDW phase. /
A
Below 200 K, a CCDW state appears in lsziSez. The
superlattice unit cell is double the size of that of the
undistorted state in all directions. As a result, eight times
as many phonon branches are present. Holy et al. (1977) and

\\wa Liang et al. {1979) have seen mode multiplicity in the infrared

spectra of these materials. Their results are given in Table

4.5 along with the frequencies seen here for 1T-TaSe,.
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The agreement in frequencies of these two compounds whose
cations differ in mass by almost a factor of four is remarkable.
Their superlattices in the CCDW state are different. This meayéﬁg/TA

< that modes are not folded in from the same places of the

" dispersion curves of the undistorted material.

At least part of the agreement is due to stiffer force‘
constants in the Group VB compqﬁnds (Section 1). A more
. detailed explanation is not possible at present. The wavevector
dependence of the dielectric constant which screens the
interaction between atom; is not known in detail. It is not
known ifle:TaSez exhibits a Kohn anomaly aé doés 1T-Tas,
{Ziebeck 1977). At least in the normal state; at room

temperature, lI—TiSez does not show evidgnce of a Kohn anomaly

(stirling et al. 1976).

The origin of most of the modes seen in the simpler -

lI-TiSez case have been assigned to branches of tHe phonon
dispersion curves in the undistorted state. (Holy et al. 1977,

Jaswal 1979). This is not feasible for 1T-TaSe, where even

the space group is unkqggn. Further work is needed -if Table 4.5

is to be fully understood.

B. Effective charges.

£



An effective charge on each atom can, in principle, be

calculated from parameters determined from an_oscillator fit te

the reflectivity. The macroscopic Born transverse effective

charge, eT*, is given by

eTf=quéi(TTﬁSi/n)l/22 7v7 ,(4:1),

(Burstein 1967, 1971). Voi 1s the To fre &@pcy in

wavenumbers.' n is the‘Pscillator density. m is the mode mass
which is determined by;reducing the problem to the form of a
diatomic oscillator. The problem with its application here is

that the mode masses for the infrared-active modes observed in

the CCDW state are not known. As an approximation, the value

- for the CdI, structure may be used as skpwn in Appendix I:

ﬁ=m(2I)m(Cd)/(m(2I)+m(Cdi).

A value of 2.3e for the 204 cm~1 1T-TaS, mode and 2.2e
for the 135 em~l 1E;TaSe2 mode are obtained making this

1. (1976) de;ermined the -

guess at the mode mass. Lucovsky et
values of the ll{-TaSe2 parameters (Table 3.3). This is the”

charge on the Ta atom assuming the local field acting on-the -

molecules is the macroscopic field and that the polarizations of

the ions and electrons simply add together (Burstein 1967,

1971). ‘ , : )



Lucovsky et al. (1976) determined tha¢ eT* was abbut 7
1. 6e for lT-Ta82 in the QCDW phase from a fit to a mode at 210
em™l, However they used a mode mass half that used here.
Thie would seem to be in er;or, as Appendlx I makes .clear. With
double the mode mass, their effective charge for this)mode in |

the QCDW phase agrees with the 204 cm ; mode in the CCDW phase

calculateg here.

- From the work*oonthefs, an effective charge can be

calculated for the E, modes ef the compounds 1T-HfS, and

. 1T-HfSe, (Lucovsky.et al. 1973) and ngMosz (Wieting and
Verble 1971).. For RfS,, eT*=5.5e. For HfSe,,

* ” \\‘\‘ *’
- enp =6.le. For Mosz, = =],2e.

‘ The:value of the eéfecﬁive charge ‘~2e’for the group VB
_compoends compares with ~ 6e for the group IVE compounds and e
for the group VIB compound. This can be compared with the
charge of 4e on an-isolated catioe. The;above.is consistent
with gradually increasing ionicity in going from group IVB to

group VIB.

- In the Szigeti chLELVriir,able,ion,n:aode]wLBm:s1:11&11"1,,1.9,6'1',),,,u]:u‘.ch‘a

- ,,m,m,smmasﬁﬁl,;uith ionic compounds, the effective charge at

. . . ' » .
the ion is given by e =3/(£¢, +2)ep . That is, the
transverse macroscoplc €ffective charge is enhanced due to the

presence of a local fleld at the 1on greater than the‘

A

NSRRI

L

P
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macroscopic field. This coul?/EE;Z;ally explain why the

effectivéléharge—on the Hf compounds is greater than the formql

I

valence of 4e. - B -~

In real compounds, one cannot simply add the electronic and

ionic polarizations. -The shell model. allows for the éhange in

~ electronic polarizability due to ionic motjon. It can explain

the reduction of effective charge in the ionic¢c case as well as
‘the presence of charge in covalent materials where there is no
staiic charge (Donovan and Angress 1971). A detailed attempt at
‘explaining the effective chafge is outside the scope of thi; N

thesis.

’ (:? An attempt to find an effective charge for the low

frequency modes in 1T-TaS, and 1T-TaSe, can be made.

®

Earlié&®, in Ch;pter 3, section C, it was shown that?tﬂé o
parameters S; for 1T-TaSe, were about 20% of those.for

1I-TaS,, listed in Table 3.2. Table 4.2 shows that the . 4
frequencies of the four strong low fréquency modes in both
¢rystals are comparablé} implying that their effective‘masseg

are nearly equal. In the linear chain model ({(Kittel i§66), this .
occur/near the zone boundary whe:e<5ém§1§1ihihigr;éwmgst_likély‘

an underestimate of the mode mass. s

This leads to effective charges of 3.7, 3.0, 2.4 and 4.3e

for the modes in lE-TaSz at 54, 67, 78 andAijput 106 qm'l

I'd

.
o gy e T RO ¢ e



(combining the 104 and 107 cm~! modes) respectively. The
corresponding effective charges in 1T-TaSe, are about half
“this. This is a semi-qugntitative way of saying'that the

acoustically-derived infrared-activerphonqprmodes in the CCDW

phase of 1T-TaS, are appreciably stronger than their - ~
) counterparts in 1T-TaSe,.
N‘:“
. . - L _
o »
. x B
. £
e - ’ A
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Table 4.1
Phonon frequencies calculated by Duffey (1980) at

three points in the Brillouin zone of an undistorted ~

1T-TaS, crystal. Freqﬁencies are in cm™1,
. r ' Q9
Vi (TA;) 0 ' ‘ 65
Vy(TA,) 0 " 65
“Vg(La)y-- - 0 o 104 e 137 -
V4(09)Eq | 240 260 D 259
V5(0,) g 240 | . 267 265
Vg (03)E, . 243 222 © 215
V7 (04)E, 243 N 230 224
% (05)A,, 298 : 307 - 325
Vo(Og)A g 385 - 377 363



[ o]
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Table 4.2

~and 1T-TaSe

ﬁ - - a
Dominant phonon frequencies in cm-l in both 'li—TaS2

2

of sulphide to-sekler)\ide frequendies. - r, 7«
f-%~ﬁw%%ﬁ5m1—'—W’ﬁ%ﬂyTaQE - ratio

54 ' 45‘ 1.20
68 60 | 7 1.3
78 81 0.96
104 | 98 ‘ 1.06
107 1.09
- 205 135 - . 1.52
241 | 153 1.58
256 . 1sé: : L 1.55
261 ' 1.58
286 182 * 1.57

292 . 1.60°

306 197 .- 1.55
355 225 | 1.58

'in the CCDW phases ‘along with th>e, ratib' :

o
Wbt Lo
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Table 4.3.

frequenc1es in the CCbhw phase of lT Tasz,

t

modes are underllned.

IR (Loo K)

54,59,64

67,69,76,78,82

88

Raman (130 K)’
Holy (1977)

98 Eg’ 112 Alg

126 Alg’ 132
152(2 phonon)
183(2 phonon)
204 (2 phonon)

228 Alg
243 Eg

256 Eg, g

277,282,283 Aig

306 Aygq

265 E

297 Eg,

365 Ayg,366

386 A,.,393

lg

Suhmary of experimental‘optical;phopon'mbde

‘strong IR

Raman (90 K)
Duffey (1978)

56,62 : S TRl

68,72 e

80

89

100,106,115,121

129,134

228

243

248,258,265

278,282,293 -
298 |
308

323

' 331)338W""';f"*1

%

364

387
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Table 4.4.. Comparison of IR and Raman (Duffey 1978) .

mode frequencies in the CCDW phase of lg‘_—TaSezr.r

-

e
\

IR - Raman

, 53
I : . 64 _ N e

81 / 80 .
, 85
98 97
: 101
109

135
153 ' ,
165 166
. 179
182
185
188
197
211
225 223(?)
. 239
S 249 .
270

4
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-~ Pable 4.5. Comparison of IR phonon mode frequencies in
cm-l in the CCDW phases of lg_{PaSez and’ lg—TiSLez.
1T<TaSe, " 1T-TiSe, (18 K) A_l_T_-'I‘?_.’Sez(zO"K)f,
Liang et al. (1979) Holy et al. (19&7&{;}: ‘
15 ' 42
R 52
o 60 L - o R4
81 - 76
- 98 | 90 '
118 ‘ T 118
135 140 D 137
153 151 152
165 162
172 , 175
182 178
197 197 198

225 213,
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Figure 4.1

<

Basal piane“of,rec1progal superlattice of CCDW phase.

- Hexagon is boundary of normal Brillouin zone.

—~—

O Reciprocal point of normal lattice ®

* Reciprocal point of superlattice




Chapter ‘5. Discussion of plasmohs.
S A
— e = S e

Optical conductgvity can be expTained in terms of the band

theory of solids combined withfclassiqal transport.ﬁheory.'-r

-
*

(Asheroft and Mermin 1976. Hodgson 1970): The theory is =~ .

restricted to photoﬁveﬁergiés‘less than the band gap. Interband

transitions are thus not described. ~ -~ —~ ..

Y7+ 7. If the relaxation time approximation is used to describe .
* . EA 3 . ’ : .

e . ‘/ s - o 3 -
scattering, the following expression is obtained for the qptical

S conductivity. : ' : - T

ol (w)=e?/4 n?’}/.d? Vn(X) ¥, (X) (-d£/dE)| 7., (X)

(1-i"w 1 (%)) (5.1)

n is the band index. The total conductivity is obtained by
summing over all bands. ¥=1/h gradpE is the electron
velocity. f is the Fermi-Dirac distribution function. T is

the relaxation time, assumed to vary with k.

*
\_.,I

If T is assumed to depend on ¥ 6nly through E(X), the
sharp peak.of (-df/dE) at thefFermg\:urface enables T to be

factoredﬂout‘of"(S;l);to a good -approximation. ' e

-
>

e 2 7—*"'3'—'—’—"’ |
o (w)=e® T(E) ﬁk/{z;ﬂ { Va(K) vp (k) (-d£/dE ) (5.2)

(l-:'an(Ef))

H

-
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e . - . * =
- o . -
Since f depends on k only #hrough E(k), an integration by
] " parts ofljs.zsfyields ) . 7 - :
) ) ) e - SR & _ Y
>3 - Com
« *—ﬁ‘ N : 2 ‘ . E - ~ % -1 o
‘ ' I Iy et ' . = : - L i . LR
CEeTO/m) 5y 1 /(1-iw 13 e
. M1 ‘ 2 20 4 rse effe ' P
(M )ij=1/h d E/dkidkj’is the inverse effective ° e Y
mass tensor. ' ) o

" For the free electron model, it is easily seen from (5.3)
. that o(w)=e? 7 N/mé/(l-ihrr)= o,/ (1=iwT ). a familiar

fesult, where mé is the mass of a free electron.
'In‘térms of the con@ributidn to the dielectric constant,
lsf.=‘4nio/u=—wp2/(w;(w—i/7)) - (_5.4)7“
- wherev(uP2=4rrNe2/m*.

(5.4) isAinrthe form of the last terms of (3.4), used to

fit_the‘reflectivity data. The summation of terms like (5.4)

comes either from a relaxation time differing over different

portions of the Fermi surface or a number of different bands at

the Fermi level. The interpretation of Lupz is in terms of

N/m*, the effective carrier density divided by an effective
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‘mass.as defined in (5;3). e T e T -

S R - .
ST - - ol

A fit msing terms like (5.4) can not determine N and m* .

= s

separately.’ Other transport measfrements, fuch as the Hall

[

: effect or susceptlbllltysqmust be’ performed in order to do thls.w

.. When w >> 1/T%, measurement of the oﬁtlcal conduct1v1ty can

G

7determine N/m* separately whlch can not be donepfrom = .

=

measurements of the- DC conduct1v1ty which depends only on. the1r

mratxp; Thls w1ll be seen to, be the case for 1T- TaSez at . .

5

4.2 K.

A. 17_'1‘_—'1'as2 o ‘ e

The spectra in the ICDW and QCDW states were adequateiy
explained by the Hagen-Rubens relation (3.6). Evidentiy the
necessary criteria of high conductivity and low freguency range
were‘met. In the CCDW phase at 100 K, since the conductivity is
lower than in the two higher temperature phases, a single Drude
term was‘used in fitting the‘electronic contributien to the CCDW
spectrum.

In the 0501llator fit to the lT--TaS2 reflectivity at

100 K (Flg 3 2 and Table 3. 2), ‘values of V> 1500 cm %‘yere o

. A op=
found;to be satlsfactory. Lower values caused the reflectivity

to drop off too rapidly with increasing frequency. For Vo

much higher than far-infrared frequencies (e.g. Vp =4x10%

o
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T cm % 1n the free electron modél), the optlcal conduct1v1ty St

Tt L
9

excellent T

'ex rapolated to 67§§ho/cm at zZero frequency 1‘

5 e

.agreement with the measured value of 70+7 mho cm. The flt w1thu*;i

e
N g l’“

VP=L536 Cmrl extrapolated to 75 mho/cm, agaln in excelL'nt

+ ‘,;‘ )

p' a value of

agreement Us1ng thls mlnlmum value of v,
‘n> 2. 6X1019 3;for the 31ngle carrler den51ty can be . .
r}—ea—léﬁ}é%e:&f{{am—éST —rzass*tmingf&vfree "eieﬁctron'illgbs T T a S

o : . . ¢

i DR et X CL :
A - N B . N R .
T -5 S B 3‘

These values of carrler concentratlon may be compared w1th

those obtalned from the recent Hall effect measurements of Inada

et .(1979), uchida et al. (1979), and Tanuma et al.. (1979).
,Above the CCDW tran51tlon temperature (ca. 200 K), the carrlersv
were found to be predomlnantly n—type, whlle below it, they were .
predomlnantly p—type. Assumlng a 51ngle band model, which -
obviously,fails aa Ry is changlng‘51gns,‘the number of

-

carriers may be calculated from n=—1/RHeQ(MKs).

This.gave around n=1022¢cm=3 n—type carriers at 360 K 1n
the ICDW phase, around n=5x1021cm=3 n-type carriers at 295 K
in the,QCDW'phase, and around p=5)(1018cm'3 p—type carriers ,
at 100 K in the CCDWaphase for the data of Inada et al. (1979)

and Tanuma gt al. (1979).

‘The.Hall coefficient was reported only for the CCDW phase
by Uchida et al. (1979). Their measured values of Ry were

considerably less than those of the other workers. Their data



,glves p—3X1019, cOnsidérahTyflafge

'Hall effect measurements were cons15tent w1th those deduced from

s - B . . . - = : «

workers.»‘£~~.; ..
At 295 g and 360 KrAthe o
’}3" . ) "" - i n-r

the optical fits. Together with the measured DC conductiVity,

they would imply, (through- vy 2/G—(2/c) o,) the Valldltxlof’ﬁkgf,,ﬂ_wgw

R — —

the _Hagen- Rubens relatlon (3 6). (V<< G, E~14Vp2/(v G)).

a
o
- B
2

& - ‘! e LY

© At 100 K, -the” - values of p deduceé from Uchlda et al.'s

(1979) Hall effect measurements agrees Wlth that calculated from

oY

the'IOWer limit of" Vp used in the OSC1llator flt- The other

' group s Hall effect measurements glve a value about a sixth of :

" this. It 1s;d1ff;cu1t to determlne the cause of thlS‘

dr;iggpagcy*between the two groups.

2
»

'The above discussion should have made clear why it is’

’impossible to calculate an effective mass from the combined

optical and Hall effect measurements as it is possible to do in
brinciple. The changes in the Fermi surface with temperature
are shown dramatically in the Hall effect measurements. The

situation is very complex indeed.,

_The present experiments extend-to-lower frequencies the

infrared reflect1v1ty measurements of 1T-Tas, taken by Barker

=

et al. (1975a) in the range 300-40000° cm~l. They found that

——— ——



the spectra were not of 51mnﬁp Drnﬁp Fggmr‘

'1'conﬁuct1V1ty was gradually reduced 1n the range 322 4000 cmrl.

I

— '
-(Re(CJ)- o /(1+((u‘r) )[ﬁ Noasharp gap structure was

*observed upon coollng 1nto the CCDW phase. As thls was done, the

‘," e

They 1nterpreted~thls as due to graduaLly deVeloplng gapplng in

was used to argue°that N/mv 1s about~l/7 5 of’lts free ﬁw‘/:l?rr;

electrcn value in the ICDW phase of thls materLal Benda (1974)

* y" .

-‘had observed spectra at 4 2 K- 51m11ar to the spectra taken by

the above workers at 80.K. . .7 . e
- "Barker's (1975) infrared'reflectivity data can be compared
with the,highffrequehcy limits of the oscillator fits used to

N

fit the far-infrared data of Fig. 2.6. The fit with ;éb =40

goes to R=0.53, while the fit'with_cuD =48 gces to R=0.56 *
(R = klfﬂé;;)/»(l4~€;;)L2);v Barkers data are not flat in this

frequency range with R=0.52 from 500-1000 cm‘l;ﬁrising to
abodm 07.57 near 3000 cm~l, falling to 0.50 at 10,000 c:m-l‘,'

then falling rapldly at higher frequenc1es Neither of the
present- osc1llator flts exhlblts thlsﬁ?ehav1or. A spread of {/w
energy electronic tran31tlons may be the cause of this

non-Drude~like behavior.

—— - B+77;1297TaSeZ7 U U

Before discussing the present experiments, it is useful to

_the Fermi surface nd eonseﬁuent removal of cgrrlers. A‘sum rulei ‘



. 'ccmpare the present
' those of others (Wilson et al. 19759 Fig. 1;2). One. finds .
'aareehent at low temperatures. ,However at room temperature the

3.

- present crystals have a hlgher DC conductrv1ty. ‘This suggests

the presence of addltlonal carrlers, presumably from an excess

of Ta, -Qur- crystals were not dlrectly analyzed for

= st01ch%ometry,abut they. do seem to ‘have an excess of carrlers ) .
o T E P ) ) o 7’*"7A’Am "’”' T B
L over the best(érystals.~‘ ‘ e e
o ] - [ X/ Y . 3 '_ ) . L s,
. ) - 2 . . o { ' Core e
. '\\ . . . - e g PEE

- ‘ Lucovsky et al. (1976) have measured the room temperature

o -

’ reflect1v1ty of 1tha8e2 in the 1nfrared 'Theirireflectivity =
was‘loﬁer than the crystals-usegfhere. ~The phcnon.modesvthey“ :
observed were strcnéer than thcse observed here. Both\racts cane
be explained hy an efcess of carriers increasing the optical ) i -

.‘condUCtivityeanﬁ screening*the,phoncnsAin the present

;experiﬁent;Y.They,fcund-ea,~?47 which was used in some of the
fits reported here. The spectra appeared to be'a miX‘of Drude

like free carriers and low lying electronicvtransitions. They
did not publish the Drude parameters used in their oscillator g
fit. Evidence of electronic transitions were not found in the

present experiment where the upper frequency limit was 600

cm“l.

~ - Two Drude terms were found to be necessary to fit the e
background spectrum at 4.2 K in l_'I_‘—TaSe2 for frequencies only

out to 500 em~l, 1In studying lg-TiSez, Lucovéky gt ~

b
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3,

)

al. (1976a) found that two Drude terms were required to fit the

spectra of one sémplé, but only one was required to fitemore.
neafly stoichidmetric samples. Hence our slightly underqémped
low frequeﬁcy'plésmon ( §p=3000r cmfl, G=700 cm‘l) could

be associéted with off-stoichiometry insteadAof a Fermi surface

b,

&

with, for instanece, two different relaxation timeés on different

A

sections.

77The7£ﬁ6 Df&dé”fii ofrfié; 3;6 77777 hasia rééiéééivity 2iiimum »
near 750: cm™l, above the limits of the present experiment; ‘
_?he ?gé}ectivity ofhthe underdamped plasmon (‘Vp=2535 em™Y,
G=9.3 cm“l), plotted by itself, has a very pronounced minimum
near ép/véz; =440 cm'l.A Whether a perfectly stoiéhiometric
sample of 1I-TaSe, woﬁlq/éxhibit this behavior is open to
question. A reiaxaﬁion time of 6x10-13 seéc can be calculated

from,G=9.§Tcm‘l; This is about thirty times larger than

-

ordinarf Cu at room temperature and about 3000 times smaller

than very pure Cu at 4.2 K (Kittel l§66).

‘The temperature dependence of the DC conductivity was

--measured by wilson,ggwgi. (1975). . The order of magnitude

R T T . T oo T T e AT I ) i :
decrease in conductivity upon cooling from the ICDW to the CCDW

-

surface into a Brillouin zone about one thirteenth the size with

. : . g .
assoclated gapping and iéaqyal of carriers. .

~

\
)

/
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The temperatuie dependence of the DC éonductivity below
473 K is unusual, with a broad minimum at gbout 300 K.
(Fig. 1.2). The explanation probably lies iﬁrdétails of the
ermi surface gapplng taﬁfng place as well as possible '

localization effects. Fazekas and Tosatti (1979) have proffered

case in terms of Mott localization.

The‘preseniroptiéal work offers further confirmation of
these ideas. A Drude fit can in principle sepafate the
relaxation time from the ratio N/m* which,éan not be done with
measurements of the DC conductivity. From tﬁe Drude fits to the
123TaSe2 refiectivity deséribed in Chapter 3} one can say that
the rétio?ﬁ7ﬁ*'aééreases with temperatufe. This suggests that
as the temperature is lowered from 295 K, the effective mass
increases or the number of carfiers decreases. Thg Drudg
parameters used to fit the 295 K spectra had only a lower bound,

-~ qualifying.such a statement. Certainly the Drude paraﬁeters
. used in thé‘low temperature fits suggest far lesé than NO'

. \g ) 3
. cad%iers calculated from one electron per unit cell or 'a very

lage effective mass, one or both of which vary strongly Qith

teﬁpef'tﬁié; Cortoborationoftheé;‘zagésishindergdby the
o e *"lack*offother”tfﬁﬁgﬁéffmdéfé“fdf"lT:TéSéz;"fﬁ'ggétioﬁmggr'{ﬁg"f””:

behavior of the Hall coefficient of lT TaSz was seen to imply |

a strong reductlon in the effective number of carriers at lower

temperatures.

a Qualitatiye_gxplanatlonAof_theﬁevenamorehcompl;catedﬁl2r$a8271*r—m



A reasonable interpretation of the lI—TaSez,case might be

such as follows. If in the highjiemperature ICDW phase, there
is one electron from each Ta, then Vp=36920 em~ 1, Then if

gapping destroys 9/10 of the Fermi surface just below 450 K,

Vb=l2oop-cm'l. This isgin the range that will fit

experiment (Fig. 3.3). The lower values of ¥
_experiment [Fi : s ¢

P
lower temperatures (two carriers, both with Vp~'3000 em™1)

-obgerved-at - the - = T

then imply that N/m 1is further decreased by a factor of 1/8

as the temperature is lowered to 4.2 K.

4 . . -

This temperature dependence of thé fitting parametgr ’Vp
pas been observed in a related compound, lIrTiSez. In this
compound, a transition from an undistorted to a CCDW phase takes
place ét 200 K. ‘Liang et al. (197§)7have meésured the d
temperatureAdepehdence of the infrared reflectivity of
szTiSez. They fit~theif data with enough Lorentz osciilatdrs
to fit the prominehnt phonons together with a single Drude térm.

They found V_=8600 cm'l.at 300 K actually increase to

p
~15000 cm~1 just above the 200 K transition, then decrease
steadily to a stable value of ~1700 em™l below 130 K. - As the

“Hall coefficient decreases in magnitude’by a factor ?ﬁ ten at
IOW'temperatures;'a single carrierfmbdeiﬂﬁodid imply an

,efiectivegm335wincrease by’a’factor'of'274.

%

Liang et al. (1979)'also'determined € as a function of

L
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~ temper flndlng,that 1tepeakedf at the 200 K transition
temperature.  They attributed this to a decrease in the gap.
energy from CDW formation. £qp Wwas not determineé‘here with

sufficient(accuracy to draw any cenclusions about such an effect
~in lI—TaSeZ. | | |
uWilson, et al. (1978b) have also studied the infrared
reflectivity of li:TiSez, concentrating on the free carrier
?lasmon'behavior. To this end,'thef fit Im(-1/ € ) instead of
the reflectivity with an oecillater anaiysis. Their results
were similar to those bf Liang et gl.‘(1979). As with Barkef'e

(1975b) earlier work Q%'lEfTaS2 and 2H-TaSe,, it was

—~difficult to extraet,information about the gapping induced by

£he;CDW.A An absorption edge at about 1400 cm~! at low
temperatures seemed to agree with allowed electronic transitions
deduced from band structure calculatiSns of Zunger and Freeman
(1978) folded in under the CDW superlattice formation. They
experienced &ifficqlt§ in- correlating this with CDW gapping and
expressed a desife for relativistic and superiatticefband

structure calculations.

The promlnent dlps in the reflect1v1ty at. eqpﬂ phonon

frequency Of 17- TaSez at 4. 2 'K were seen in’ Chapter 3 to be

,assac;etedﬂﬂlth,an,underdampedWDrudefterm‘~/Moremeommonly~amrise'

in the reflectivity is observed near a phonon resonance. Other’

systems exhibiting such behavior have recently been studied.
h
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Liang et al. (1979) A&Mi _as Wilson et al. {1978) have seen -

large reflectivity dips at each phonon frequency in li-TiSezz

This has the mode multiplicty associated with a CCDW-induced

superlattice. The dips can be associated with V3> G. Similar

dips in the reflectivity at‘the'phonon frequency of intercalated

- graphite have been observed-by Underhill et al. (1979).

At

1 ' [,

In the éreseﬁ; e#periments;;the behavior of the dips
enabled theidetermination of the plasmon parameters in the
oscillator fit to a greater precision than would have been the
case had the Lorentz oscillators not been present. In fact, the
unusual behavior was not understood until therexperiments én
lz—TaSez at,lqw temperature were extended out to the high
frequency limits of the apparatus. The rapid falloff in
refleétivity could not be explained by the;Hagen—Rubens relation
(3.6). The discoveryvof the lower than expec£ed vélue of Gp
for iI—TaSez at temperaguresibelow 100 K is a direct
consegquence of Soth the dips at each Lorentz oscillatdr and the
behavior of the backgrbund reflectivity. ‘The valhé ;f the
daﬁping,parameter G’for'lI}TaSez below lOO K made a difference
in the size of the dips’even though the general chkground could

-

be explained by a range of values of Up, G, and £ -+

a
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. Chapter 6. Summary. . : S

A. sSignificant findings. . . .
1. CDW-induced mode multiplicity.

The present workéaesgribes one of fhg first observations of
CDW-induced phonon mode multiplicity. Ten stfong
infrared-active phonon modes have‘been observed in both
1T-TaS, and 1I-TaSe, in their CCbW—phases. The iz—Tasz
spectrum is remarkably cbmplex, with_as.many‘as %l observgd
phgnon modes. The if\creased screening by free carriers. in
IE}TaSezrmake it posgsible to see only ten modes. The six
highest frequency modes in 11—TaSe2‘£ave béen seen 5y Lucovsky

t al. (1976). Raman spectroscopistsvﬁgve also observed mode

- .
multiplicity in these two compounds (Holy 1977, Duffey 1978).

The origin of these modes is believed to bé due to the
¢reation by the CDW distortion of a larger unit.cell, a 39 atom
superlattice, in both these compounds. The atoms in this cell
would“have 3ﬁ-3#114 optic‘m;des. Thé‘determination of R;;anIAhd,'
infrared selection rules uéing,group theori is'a diffiéult,
presently intractaﬁle problem. Eyen'the*space group of the

,superlattice?has hotibeen reportedrri The ﬁroblem—is éutnintor
) _

perspective by considering the effort required to diagonalize a

117X117 matrix to find the normal modes and'coordinatés, then
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- ... fitting all thehﬁgma&{2xuﬁxﬁﬁsf%e%£hevebsefveé%freqﬂeﬂeiesT——4i——u—~~wT
The simpler prdblem of the undistorted CdI,-type lattice .-

with a 9X9 matrix has been considered in a simple central fo;ce

Born-von Karman model by Duffey (1978). From this, the
freduencies of modes at points in the Brillouin zone folded back

to the zone center under the CDW-induced superlattice formation.
can be calculated as discussed in Chapter 4. The lack of
quantitative agreement between model and experiment points out

the necessity for more sophisticated model calculations.

.qufey‘s‘(1978) calculation does iliﬁstrate the general
principles involved and suggests wﬁich modes arise from the
folding—invof acoustic branches of the phonon dispersion curves.
The ratios of frequencies of corresponding modes in 1T-Tas,

and 1T-TaSe, agree with this interpretation. :

2. .Temperature dependence of plasmons.

- =

The temperature dependence of the plasmon fitting
. . ’ @ N ) .
parameters for lg_—TaS2 at 360 K and 295 K revealed nothing
that could not have been deduced from the DC conductivity and a
--reported Hall effect méasurements. - At-100 K; the 1T-TaSy =~~~
~ spectra could be explained by a carrier density of about 1019

em~3, in agreement with the reduction noted in Hall effect



107 =

not precluded by the present optical work.

As. for lI—TaSZ, thegll;—TaSe2 spectra taken at higher
temperatures could be fit with Drude parameters deduced from the

o

DC,cdnductivity and aésuming onecérrier per unit cell. However
at lower'temperatdrés, the'refieéfibityiofilszééez bégéh £;‘
drop dff too quickiy with freguency for this éimple
interpreta;ion; An underdamped two plasmon fit with a
relatively long relaxation time was needed to fit the data. Ip'.
thisacase, the real énd imaginary parts of the Drude

contriburion to Ehe7diélectric constant are of Eomparable

magnitude. This in turn causes a dip to appear in the

4

P

dreflectiVity at each resonance of each Lorentz oscillator used

to fit the phonons instead of the more commonly observed peak.

The-reduction or the plasma frequency fitting parameter
;p with decreasing temperature was interpreted in Chapter 5
as due either té a'decrease in the effgctive nﬁhberrof carriers
or decrease in the averaged efféctiye mass.47Both %ré probably
due to CDW-iﬂauced élterétidns to the band structure as the
temperature i; ioyered. ‘The difficulty of a band §tru¢tuf¢,,
calculation in the CCDW phase is comparab;eﬁrgrrhgrqa;gplatrpn 

of the phonon dispersion curve. - ' -
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B.™ Suggestions for future research.

In all but the CCDW phase of both 1T-TaS, and 1T~TaSe,,

no phonons were observed in either the reflectivity or

~

, i
dual-cavity spectra. It is possible to mechahically alternate

feither the bééﬁwor'éémﬁléMSC that for half a cycle the detector
measures the’sample, while for the other half it measures the
reference. The lock-in amplifier will then directly measure the

difference between sample and reference reflectivity. When the
sghple is almost as reflecting as the referenge, this has the

£ : .
i;advantage of directly measuring the quantity of interest, namely

13

®

o .
small déviations from Drude-like reflectivity. However the
dual-cav1ty technique used here also brings out weak structure.
It would be 1nterest1ng to cJLpare the two methods- one with

many reflections, the other with only two experimentally

subtracted from one another. , . 4

Another experiment worth doing is measuring the

/

refleCtiXi£¥#0£~k11T35e2 versus temperature at higher .

s — e "“’""—._‘— .
frequencies. This would show whether the minimum in the

reflectivity at 750 cm—1 predicted by the low frequency
oscillator fits actually exists. Crystals of differing

stoiéhiometrieg could also be studied to determine if the second

plasmon is due to additional carriers caused by excess Ta.

‘

P
. n -
4’\ B
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Appendix I.

Linear-chain model for the CdI2 structure Eu~mode.

The normal modes for the CdI2 structure are shown in
Fig. 1.3. 1If the two I atoms are denoted by 1 and 3 and the Cd
‘ion by'2,r£he'éqﬁa£iohs of motion for the E, mode may be

written as follows.

-my (uzul—c(uz—ul)=-eE ‘ (1.1) .}/
: -my (g2u3-C(u2—u3)=—eE ) (1.2)
—~m, xuzuz-C(ul+u3—2u2)=2eE - (1.3) : ’ -

AN Dy

E is the macroscopic field and e is fhe macroscopi¢
effective chaige -e on the ;nions and +2e on the cations. C is
the force constant between Cd andAI, ThevI-I force constant
does not contribute because adjacent atoms oscillate in phase in -

the E, mode.. The ui are the displaéements from equilibrium.

These threeJCOuplediequations,may”pe combined to give
equations identical to those of a diatomigrlinear chain by

" making the following substitutions.

2Xl=(ul+u3‘) H M=2ml; m=m2

f : | , . ij? } : o
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eTf=237 x2=U2; u=X1—X2 r

Adding (I.1) and (I.2) along with the above sustitutions

gives.

‘ fm(uzxz-ZC(xl—x2)=eT*E
¢ 2
-M w4x,-2C(x

: 1 » ( 2—X1)=—eT*E. v (1-4)

These are identical to the macroscopic equations for a

linear chain diatomic lattice (Kittel 1966). The two equations

can be subtracted to give

—ﬁ(uzu—ZCu=eT*E o : "(I.S)

-
where u was defined above and m is the reduced mode mass,

L

m=mM/ (m+M)=2mim,/(2my+my). (I.6)

eT* is the maCrOSCOPic effective charge on the cation
(cd), half of thisfﬁéihg on each aniQh;

3
e

. . . . . X . *
The ionic polarization is given by Pjij=nep u where n

is the number of ion pairs per unit volume. If the total

polarization can be written as the sum of ionic and electronic



I ,F,,,_,\ S S 1 5 S
O fems, o |
~
P=P;+n & JE=( s-1)/_4n" (1.7)
L
then » ‘ R

E(w)=€ g +4Tne*2/m/(w 2- w2)=
'£m+8u52/(w02—w2) (1.8)
Y

L4

‘where S= £ (0)-¢ 2w 2=‘2C/fﬁ, and €eg =1+4 T ..
vm o fe)
*

(I.8) is of the Lorentz form when damping is neglected. e
for this model may be calculated from experimentally determined

paramet'er’s as eT*/e% Vo/e]( 1‘rr'r'ls/n)1/2 (1.9)

where Vo is in em~l.
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